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ABSTRACT 
 In this research, atomic force microscope tip-enhanced laser ablation mass spectrometry 
(AFM TELA-MS), an ambient sub-micrometer scale sampling method for offline MS was 
developed. AFM TELA was used to transfer molecules from thin films to a suspended silver 
wire for off-line mass spectrometry using laser desorption ionization (LDI) and matrix-assisted 
laser desorption ionization (MALDI). An AFM with a 30 nm radius gold-coated silicon tip was 
used to image the sample and to hold the tip 15 nm from the surface for material removal using a 
pulsed Nd:YAG laser, which provides output at wavelengths of 532 nm in the visible, 1064 nm 
in the near IR, or the 355 nm UV wavelength. The laser is mildly focused onto the AFM tip and 
the fluence is set just below the far-field ablation threshold to irradiate the AFM tip for material 
removal with a smaller spot size than a laser focused with a conventional lens system. The AFM 
is used to image ablation craters and place the tip at the area being analyzed. For small 
molecules, approximately 100 fg of material was ablated from each of the 1 µm ablation spots 
and transferred with approximately 3% efficiency. AFM-TELA of large biomolecules was also 
demonstrated at 3% efficiency and a mass range up to 600 Da. AFM-TELA studies with 
different laser parameters indicated that the tip-enhanced material ejection depends on laser 
wavelength, polarization, fluence, and number of laser shots used for material ejection, but not 
on the absorption of the sample itself. The utility of AFM-TELA was applied to sampling of rat 
brain tissue. The ability of producing sub-micrometer scale craters, capture on a suspended silver 
wire and detection of lipids were demonstrated using off-line MALDI MS.  
 
 1 
CHAPTER 1. INTRODUCTION 
 The work discussed in this dissertation is aimed at exploring the utility of atomic force 
microscope (AFM) assisted tip-enhanced laser ablation (TELA) sample transfer for biomolecule 
mass spectrometry. Hence, the significance of acquiring spatially resolved chemical information 
and the role of mass spectrometry as a suitable candidate for acquiring spatially resolved 
chemical information are discussed. After a more general introduction to scientific background 
of mass spectrometry and laser ablation and desorption, this chapter covers the use of laser 
ablation and desorption for mass spectrometry imaging of biomolecules at high lateral resolution. 
This chapter also contains an overview of near-field optics and atomic force microscopy as they 
relate to this research. 
1.1 Mass Spectrometry Sampling and Imaging 
 Mass spectrometry is a technique that can be used selectively to analyze chemical 
compounds in analytical chemistry: a mass spectrometer determines the mass of atomic and 
molecular ions by measuring the mass to charge ratio (m/z).
1-3
 Since mass spectrometry is based 
on measuring the mass to charge ratio of the analyte, the first step in MS analysis, ionization, is 
critical. There are many ionization techniques have been developed depending on the type of 
molecule and the degree of fragmentation desired.
4
 Specifically, biomolecules are not easily 
transferred into the gas phase and ionized. In order to analyze large biomolecules, a “soft” 
ionization technique is desired to prevent fragmentation of molecules during ionization. Matrix 
assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) are the most 
widely used soft ionization methods for analyzing intact large biomolecules such as proteins, 
peptides, and lipids.
5-7
 Development of these methods was the basis for the increasingly powerful 
instrumentation that have become available for biomolecule analysis. Furthermore, the 
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introduction of software algorithms in early 1990’s has led to an exponential increase in the 
number of publications using MS for the biomolecules analysis and proteomics.
8-9
 These 
algorithms allowed the correlation of MS data with protein sequence databases. The rapid 
development of instrumentation, advances made in sample preparation for MS, and the 
availability of sequence databases have enabled the transformation of mass spectrometry from 
small molecule analysis to large scale biomolecule analysis.
10-11
  
 Mass spectrometry imaging (MSI) is a technique which involves acquiring an array of mass 
spectra at a regular intervals in a spatially defined area of an object, then choosing the desired 
peaks in the resulting spectra to generate a heat map image that correlates the regions on the 
sample surface with the chemical species.
12-13
 To obtain a mass spectral image, samples under 
vacuum are bombarded by an energetic beam of ions or irradiated with a pulsed laser. Under 
ambient conditions, pulsed lasers can be used and, in addition, charged particles and ions can be 
used to generate ions. Compounds can also be extracted by a solvent in contact with the surface 
or laser ablated, captured, and extracted.
14-15
  
 The chemical specificity and versatility inherent to MS has led MSI to become a 
powerful chemical imaging tool. Hence, MSI has been applied extensively in forensics, 
microbiology, biomedical researches and in pharmaceutical sciences.
16-18
 Typically in MSI, 
sampling can be accomplished in microprobe mode
19-20
 or in microscope mode.
21
 Microprobe 
mode, the more widely used method, involves scanning a focused laser or ion beam to desorb 
material from the sample surface, or a sampling inlet that extracts compounds from the sample, 
across a localized sample surface. Mass analyzers and detectors are then used to determine the 
masses of the analytes. The resulting mass spectra are stored along with the spatial coordinates of 
the sample and the ion images are then reconstructed from the individual mass spectra.
15
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 In microscope imaging mode, the desired area is sampled at once and ions are directed to 
a position sensitive detector via a mass analyzer, which records spatial information.
22
 
Furthermore, this technique uses an unfocused primary laser or ion beam to irradiate the sample 
surface, typically much larger area of a sample compared to laser based microprobe methods.
23
 
Desorbed ions are then directed with a time of flight mass analyzer that maintains the spatial 
orientation of the ions. Although, microscope mode enables higher lateral resolution to be 
achieved even without a focused beam, obtaining higher mass accuracy, resolution and 
performing tandem MS is problematic.
24
 
 The most compelling advantage of imaging mass spectrometry is the capability of 
imaging biological specimens at high mass resolution and obtaining chemical information for the 
compounds in biological specimens without any aid of staining or chemical tagging.
25-27
  
 Techniques such as secondary ion mass spectrometry (SIMS)
28-31
 and MALDI
32-33
 are 
commonly used for surface sampling and chemical imaging. With SIMS, a focused high-energy 
primary ion beam ablates and ionizes material from the sample. The resulting secondary ions are 
sent to a quadrupole, sector, or time-of-flight (TOF) MS for analysis. The sensitivity and mass 
range of SIMS have been extended with TOF mass analyzers
34
 and cluster ion sources.
35-36
 
Recent reports on SIMS imaging have shown the capability of imaging atoms and small 
molecules down to 35 nm lateral resolution
37
 and molecules up to approximately 1500 Da at a 
spatial resolution of a few hundred nanometers.
36
 Excellent lateral resolution is associated with 
SIMS that allows analysis of biomolecules at the sub-cellular level lateral resolution, but the 
main drawback is the fact that it is a high fragmentation, “hard” ionization method and therefore 
limited to elemental chemical information and low mass species.
30, 38
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1.1.1 SIMS Imaging   
Among the other MSI methods, SIMS is a surface sensitive technique, which allows 
acquisition of chemical information from the top few layers of a sample.
31, 39-40
 Primary ion 
beams used in SIMS instruments, typically with a kinetic energy in the kV range, enables 
collecting sub-micron size pixels from the sample surface. However, the useful ion yield from 
pixels of that size range is limited due to the poor percentage of sputtered molecules from the 
sample surface.
31, 41
 The energetic desorption process associated with SIMS yields significant 
fragmentation of desorbed material.
42
 Hence, SIMS has been most successful for inorganic 
molecules, low molecular weight biomolecules (< 1500 Da), or simply to acquire elemental 
distributions.
43-44
 Moreover, a typical SIMS experiment does not require addition of a matrix. 
Therefore, SIMS analysis yields higher spatial resolution especially in the low mass region.
30
  
There are two operational modes in SIMS: static SIMS and dynamic SIMS.
45
 The 
difference is made based on the primary beam fluence related and the surface damage (> 10
13
 
ions/cm
2
 for dynamic SIMS). Dynamic SIMS instruments are more suitable for subcellular 
studies of elemental distributions and the localization of targeted small molecules. Static SIMS 
with primary beam fluencies below 10
13
 ions/cm
2
 is predominantly employed for the analysis of 
larger organic molecules and tissue analysis.
44
 The introduction of cluster ion sources and TOF 
mass analyzers has significantly improved the formation of secondary ions allowing sampling of 
small peptides and oligonucleotides from biological samples.
28, 46
 When delivering primary ion 
clusters such as Au
3+
,
 
Bi
3+
, or Bi
5+
 on biological samples, significantly enhanced intensities were 
observed. This was mainly due to much higher sputter yield.
47
 The use of cluster ion beams for 
sample bombardment is gentler and enhances the yield of higher mass species.
43
 Polyatomic ion 
clusters can be used to obtain ion images with high sensitivity and micrometer scale lateral 
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resolution up to 1500 m/z.
44
 Biological imaging using SIMS is an expanding area of research and 
many SIMS based biological imaging applications have been recently reviewed.
16, 24, 30, 48-49
 
1.1.2 Laser Desorption Ionization Imaging 
Laser Microprobe Mass Spectrometers 
  The applications of laser desorption and ablation have been well established in different 
areas including chemical analysis,
50-51
 surgeries,
52-53
 micromachining,
54-55
 and pulsed laser 
deposition.
56
 In general, laser desorption can be defined as laser induced thermal evaporation of 
molecules from the outer layers of the targeted sample.
57-59
 Laser ablation, occurs when the laser 
energy is rapidly transferred on to the sample to produce a massive ejection of material in the 
form of clusters and particles.
60
 There are many advantages of laser ablation sampling when 
compared with conventional sample dissolution methods. These advantages include minimal 
sample preparation, ability to perform ambient ablation for sampling, and allow obtaining 
localized chemical information of the sample with a focused laser beam.   
The concept of localized chemical analysis of organic and biological samples was first 
developed in 1975 with laser microprobe mass analysis.
61-63
 In laser microprobe analysis, the 
spatial distribution of analytes are investigated by moving the target in an x-y direction in raster 
mode under a focused laser while simultaneously collecting and mass analyzing representative 
ions. Early laser microprobe experiments performed by Hillenkamp and coworkers obtained 
approximately 1 µm resolution by focusing ruby laser (λ = 347 nm) to irradiate the sample and 
the desorbed ions were directed into time of flight mass spectrometer for analysis.
61-62
 Although, 
this technique allowed 1 µm lateral resolution, samples must be kept in vacuum in order to be 
analyzed by the time of flight mass spectrometry (TOF-MS). As a solution for this limitation, the 
first ambient LDI method in laser microprobe mode was introduced by Holm et al.
64
 In ambient 
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laser microprobe LDI, 0.2 µm thick sample sections were kept under atmospheric pressure 
conditions on a LAMMA 500 instrument and ablated with a pulsed focused laser at 265 nm 
wavelength to generate approximately 2 µm holes on the sample in transmission geometry. LDI 
generated ions were then analyzed by a TOF MS. However, using conventional laser optics, 
obtaining higher lateral resolution was limited.  
 Lateral resolution in laser mass spectrometry imaging is determined by a number of 
factors. According to the Abbe equation, the lateral resolution of an optical microscope is limited 
by diffraction.
65
 The lateral resolution Δx, of standard optical microscopy is given by the 
Equation 1.1.
66-68
  
  
     
      
  
  (1.1) 
Where, λ is the wavelength of the interacting radiation, and NA = n sin α, is the numerical 
aperture of the objective lens. For better lateral resolution, the NA can be increased by a large 
index of refraction n of the surrounding medium or a large half-angle α. However, there are 
practical limitations achieving higher NA for better lateral resolution. High numerical aperture 
lenses tend to be wide and must be positioned close to the sample with high index of refraction 
immersion oil, properties that are not suited to laser desorption and ablation mass spectrometry. 
Thus the focused laser diameter used for mass spectrometry imaging is often far from the 
diffraction limit. Other factors affecting imaging resolution are the raster step size and resulting 
image pixel size, which is typically in the same range as the laser diameter. 
The diffraction limited spot size (Df) of a laser beam is given by Equation 1.2.
69-71
  
 
 
    
   
 
 
      
 
  
  (2.2) 
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where λ is the wavelength of laser, f is the focal length of focusing lens, D0 is the input beam 
diameter, and M
2
 is the beam quality factor (M
2
 = 1 for an ideal Gaussian beam profile) 
Therefore, optimizing the beam shape (minimizing M
2
) and minimizing the f/ D0 ratio, (by 
placing the focusing lens as close to the sample as possible and expanding the laser before the 
focusing lens) will minimize the laser spot size (Df ).  
 Because of its versatile features, laser microprobe mass spectrometry found broad 
applications over the years and various areas of application of the laser microprobe have been 
reviewed in several papers.
72-73
 Although the resolution of the laser microprobe is limited by the 
laser focus, it provides excellent elemental and small molecule analysis capabilities and opened 
multiple avenues to performing LDI MS of biological samples.
74-75
  
 Several other approaches for high lateral resolution MSI have also been demonstrated 
using reflective mirror focusing objectives such as Schwarzschild type optics.
76-77
 Behm et al. 
utilized internal laser desorption coupled with laser post-ionization.
78
 The laser beam was 
steered, to enable line scan imaging, into a Schwarzschild microscope objective via a mirror on a 
motor driven mount placed before the objective to focus the desorption laser beam. The unique 
arrangement of the two concentric spherical mirrors in the Schwarzschild microscope eliminated 
the beam aberrations and made it inherently achromatic. A Schwarzschild objective was used for 
laser desorption with 1 µm lateral resolution with a Fourier transform ion cyclotron resonance 
(FTICR) mass spectrometer.
78
 The system used a 337 nm nitrogen laser for desorption and, for 
some cases, the fifth harmonic of a Nd:YAG laser at 213 nm was used for post-ionization. The 
nitrogen laser was focused with an objective that was 11 cm in diameter and 18 cm in length and 
had a numerical aperture of 0.2 and a 13 cm working distance. The desorption laser was focused 
onto the sample target that was placed within the FTICR magnet bore and adjacent to the ICR 
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cell. The post-ionization laser was directed above the target using a set of steering prisms. The 
lateral resolution in line scan mode for direct laser desorption ionization of Cu
+
 ions from a 
copper grid and laser desorption and post ionization of a C60 thin film on indium was less than 1 
µm. Even though, a sub-micrometer lateral resolution can be achieved, Schwarzschild type 
optics have shown only limited applications for MS imaging.  
MALDI Imaging 
 In addition to the ion collection efficiency, the resolution of MALDI imaging is 
influenced by laser optics as well as sample preparation steps.
20
 In MALDI, a light absorbing 
matrix must be added, which serves as an energy absorber and promotes the formation of 
biomolecules without fragmentation. Two decades ago, Caprioli and coworkers introduced 
MALDI imaging in reflectron geometry using a commercial MALDI TOF instrument with a 
lateral resolution of 25 µm.
13
 Over the years, several improvements in signal digitization 
electronics and the replacement of relatively low repetition rate desorption lasers with faster 
repetition rates have enabled faster data acquisition in MALDI instruments.
79
 However, the 
lateral resolution of commercial MALDI instruments has not changed significantly and it is still 
remains within 25-10 µm range.
80
  
 There are several factors to be considered when improving the lateral resolution of 
MALDI imaging: (1) matrix addition, (2) oversampling, (3) improving beam focus, and (4) 
transmission geometry. In MALDI, the detection of analyte molecules depends on the matrix 
used and its interaction with the sample. However, matrix addition can result in the 
delocalization of sample components.
15, 81
 Several procedures have been introduced to reduce 
analyte migration. For example, MALDI imaging using dry matrix addition enabled obtaining 
images at a resolution of 10 µm. The matrix is sublimed in a vacuum apparatus to achieve a 
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coverage of approximately 0.2 mg/cm
2
 at a thickness of 2 µm.
82
 Next, the incubation of sublimed 
matrix and tissue with the solvent with low heat, allowed extraction of tissue components and 
matrix recrystallization with smaller than 3 µm in diameter. Metal sputter coating is an 
alternative technique for dry matrix application. A recent study has shown that small molecules 
can be detected and imaged with a lateral resolution of 5 µm, when thin film of silver was sputter 
coated on tissue sections.
83
 
 Another approach for improving the lateral resolution of MALDI imaging is 
oversampling, where, features considerably smaller than the irradiating laser beam are imaged. 
In this technique, no modifications to the MALDI instrument are required to achieve lateral 
resolution less than the laser diameter. This is done by adjusting the imaging step size to a value 
lower than the laser spot diameter and the sample is irradiated until no further signal is 
obtained.
84-85
 Although, higher lateral resolution is achieved, longer data acquisition and loss of 
signal are some of the drawbacks associated with oversampling.
79
 
 According to the Equation 1.2, the beam quality can be improved if the laser is sent 
through an optical fiber.
86-87
 However, sending high energy pulses through optical fibers are 
problematic. Therefore, this approach is not ideally suited for delivering a laser in MALDI 
systems. In contrast, higher lateral resolution in MALDI MSI can be achieved by modifying the 
laser optics of a MALDI-TOF mass spectrometer. Recently, the laser optics of a commercially 
available MALDI TOF/TOF mass spectrometer was modified to obtain a Gaussian beam in 
combination with an aspheric lens to improve the lateral resolution to 5 μm.69, 88 The diffraction 
limited focusing of a Gaussian laser beam on the target was achieved by beam expansion 
combined with filtering of non-Gaussian beam profile components using a pinhole to obtain a 
Gaussian beam profile. Several other approaches have revealed improving beam quality factor 
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and minimizing f/ D0 ratio (see Equation. 1.2) to increase the lateral resolution in MALDI MSI 
and have been demonstrated for various tissue types and single cells.
89-90
 
 In addition to the modifications that have been applied to MALDI MSI for sub- 
micrometer lateral resolution, Caprioli and co-workers demonstrated the capability of MSI at 
sub-cellular lateral resolution and at high acquisition speed by integrating a transmission 
geometry ion source with TOF-MS.
91-92
 Imaging in transmission geometry enabled a larger 
numerical aperture lens to be used. The samples were irradiated using a laser beam (1–2 μm laser 
spot size) focused from the back side of the sample placed on a glass slide, they demonstrated 
sub-micrometer level MSI for a few targeted immune-labeled antibodies as well as for tissue 
proteins with a 1 μm laser spot diameter and 2.5 μm raster step size.93 Although, the lateral 
resolution was improved, there are some practical limitations associated with this method: (1) a 
fundamental reconfiguration to the MALDI imaging instrument is needed and (2) successful 
laser penetration requires thin tissue sections.  
 All of the MSI methods described so far utilize microprobe sampling for imaging. An 
alternative approach is performing MSI in microscope mode, where ions are created 
simultaneously across an area of the sample and the detection is performed maintaining their 
spatial orientation. Heeren and co-workers have developed a laser ionization mass microscope, 
suitable for high lateral resolution MS imaging of large biological molecules such as peptides 
and proteins.
21-22, 94
 The attainable lateral resolution is independent from the size of the 
desorption/ionization laser. They obtained mass resolved images of intact peptides and proteins 
by irradiating an area of 200 µm while retaining the ion spatial distribution during TOF followed 
by ion detection with a position sensitive detector with a lateral resolution of 4 µm in less than 1 
ms using both IR and UV lasers.
21, 94
 The decoupling of lateral resolution from the spot size of 
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the focused laser beam enabled analyzing larger sample area even without moving either sample 
or the laser, but this method can only be applied in a vacuum.
95
 
  A MALDI ion source with a high numerical aperture through-hole objective has been 
developed.
96-97
 In this work, high lateral resolution was achieved by directing the ions through a 
hole drilled in the objective. In early experiments, sub-micrometer lateral resolution was 
achieved by two step laser focusing: first the laser was pre-focused to 10 µm outside the vacuum 
and the final focusing was performed to obtain 0.5 µm laser spot for LDI or MALDI analysis.
96
 
100 × 100 µm chemical images were obtained with a 50 pixels per second scan rate with 0.6 to 
1.5 µm lateral resolution for biological samples with the combination of MALDI imaging and 
confocal microscopy. Further advancements of the technique made the system suitable for 
ambient analysis and enabled high lateral resolution imaging for mass spectrometry at high mass 
accuracy by coupling with ion trap Fourier transform ion cyclotron resonance (FTICR) MS
98
 
Recently, the technique was utilized for imaging of human renal carcinoma cells with  2 µm 
lateral resolution.
99
 
1.1.3. Ambient Sampling and Imaging Mass Spectrometry 
  All of the MSI methods described to this point have the drawback that analysis must be 
carried out in vacuum, which limits the type of the sample that can be analyzed due to the 
constraints of placing the sample into the vacuum.
20, 100
 Imaging of biological systems at ambient 
conditions is an emerging field because preparation of samples for analysis in vacuum is difficult 
and time consuming. Ambient mass spectrometry is the direct analysis of materials in their 
native environment with ions created outside the mass spectrometer.
101-104
 In ambient mass 
spectrometry, the sample can be bombarded by charged droplets, ions, metastable atoms, or laser 
irradiated and material is removed by extraction, heating, laser ablation, or acoustic shock. The 
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most compelling advantage of ambient mass spectrometry comprises capability of coupling 
highly localized sample desorption techniques with mass spectrometry to perform subcellular 
level MS sampling at atmospheric pressure. The rapid development in the number of ambient 
sampling and ionization techniques has led to an increase in the number of publications utilizing 
MSI for the detection of biomolecules.
105-108
 Desorption electrospray ionization (DESI) and 
direct analysis in real time (DART) are the leading methods for ambient ionization, which form 
ions at the sample surface by charged droplets or ions respectively.
12, 109
 
Desorption Electrospray Ionization 
 The introduction of MS sampling under ambient conditions with DESI in 2004 opened up 
several avenues for the development in ambient imaging mass spectrometry.
110-111
 In DESI, 
highly charged microdroplets generated by ESI impinge on the sample surface to extract the 
analyte molecules. The subsequent secondary droplets are removed from the sample surface and 
sampled into the inlet of the mass spectrometer. DESI–MSI is performed by desorbing the 
analytes with a stationary continuous flux of charged droplets, while rastering the sample 
surface. Mass spectra containing m/z and relative abundance information are then collected at 
each position to construct the spatial distribution of intensity of a specific m/z value.
112
 
 Chemical profiling of biological tissue samples using DESI MS was first reported in 
2005.
113
 Animal tissue sections were analyzed using DESI without any sample pretreatment and 
the variation of phospholipid profiles over a tumor tissue was demonstrated. The capability of 
utilizing DESI for MSI of small molecules such as lipids has also been demonstrated.
114
  Two 
dimensional MS imaging has been demonstrated by employing two motion stages with DESI ion 
sources. Furthermore, several studies have demonstrated the utility for distinguishing between 
healthy human tissues and diseased tissues.
115
 The lateral resolution of DESI MSI is typically 
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around a few hundred micrometers; however, a lateral resolution of 35 µm was reported for 
mouse cerebellum tissue sections.
116
 
 Improving the lateral resolution of DESI MSI has concentrated on several factors such as 
the diameter of the emitter capillary, emitter incident angle, spray tip–surface distance, solvent 
composition, nebulizing gas flow rate, and step-size of the scan.
116
 There have been a number of 
attempts and documented procedures to maximize resolution in DESI MSI; however, none of 
these has yet achieved resolution below 35 μm range for imaging of large molecules from 
biological specimens.
39, 117
  
Extraction Methods 
 In addition to the conventional MSI methods, direct liquid extraction methods for tissue 
and single cell analysis have also emerged in the last decade. Progress in improving lateral 
resolution has been made with the introduction of the surface sampling probe (SSP) method 
nanospray desorption ionization (nanoDESI).
118-119
 In nanoDESI, molecules are extracted into 
a liquid microjunction formed between two capillaries at the sample surface. One capillary 
continuously supplies solvent to create and maintain the liquid microjunction, while the second 
capillary electrosprays the extracted molecules to form ions that are sampled by the mass 
spectrometer.
120-122
 Studies have shown that nanoDESI imaging can be used to characterize 
lipids on biological samples, allowing high lateral resolution approximately around 10 μm on 
biological samples.
118, 123-124
 The “single probe” microextraction approach, which is similar to 
nano-DESI concept, has also been demonstrated for sampling of cells and tissue.
123
 The cellular 
material is extracted into a nanospray solvent at the liquid junction of the tissue and the sample 
probe and extracted material are detected using nano ESI MS.
123, 125
 Mass spectrometry imaging 
of larger molecules such as proteins and peptides are also possible with nanoDESI. However, 
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such approaches have not yet achieved resolution below 100 μm.126 A recent study has shown 
the capability of imaging proteins up to 15 kDa in tissue samples using nanoDESI with a lateral 
resolution of 200 μm.127 
 Direct micro sampling ESI has been used to explore the chemical heterogeneity in tissue 
samples and single cells.
128
 Extraction methods can be used for sampling of biological material 
and have the advantage that the sampled material can be further processed prior to ionization and 
MS detection.
129
 Probe ESI (PESI) has been demonstrated for sampling material from plant cells 
using different surfaces such as, modified glass rods, metal tips etc.
130
   
Discharge Methods 
  DART mass spectrometry allows analysis of low-molecular mass volatile compounds by 
bombarding the sample with metastable ions from a glow discharge to form ions at ambient 
conditions.
131-133
DART-MS has been used for analysis in various fields such as, pesticide 
monitoring on vegetables, screening for traces of explosives, and forensic applications.
134-135
  
 There are several other plasma based techniques have been developed,
136
 allowing ambient 
sampling for MS such as, dielectric barrier discharge ionization (DBDI),
137
 plasma-assisted 
desorption/ionization (PADI),
138
 atmospheric solids analysis probe (ASAP),
139
 and the flowing 
atmospheric-pressure afterglow (FAPA).
140
Although, plasma based ambient sources have some 
advantages over ESI and MALDI, these ionization sources typically produce streams that are 
several millimeters in diameter.
132, 136
 Therefore, the use of plasma-based ambient ionization 
sources for MSI is limited and has not been explored in detail.
140
 
Laser Ablation Ambient Mass Spectrometry 
  There are several laser-based approaches have been developed for ambient mass 
spectrometry.
103-104, 108, 141
 In these techniques, lasers are used to remove material by desorption 
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or ablation and either directly ionize or deliver it to a secondary ionization source such as ESI or 
metastable cluster ion.
101, 105, 142-144
  
 Atmospheric pressure MALDI (AP-MALDI) is laser based ionization technique, where 
the ions are created directly during the laser/material interaction.  AP- MALDI with an IR laser 
and endogenous matrix
145-147
 and femtosecond pulse width laser matrix-free ionization
148
 have 
been reported. However, the sensitivity in AP-MALDI can be limited due to the inefficient 
delivery of ions into the mass spectrometer.
101
  
 Lasers can be used for ambient ionization in a two-step process involving the initial 
desorption or ablation of neutral molecules or particles followed by post ionization. There are 
various types of post-ionization that have been developed. Each technique differs from the others 
in terms of its sampling and ionization, allowing analysis of compounds in complex samples. 
Post-ionization techniques are based on inductively coupled plasma,
149-151
 chemical 
ionization,
152-153
 electrospray ionization,
142, 148, 154-155
 and photoionization,
156
 typically employed 
with lasers that are focused to spot sizes around 100 µm in diameter. 
 The most compelling advantage of laser-based approaches is ambient imaging. Several 
reports on laser ambient imaging mass spectrometry
157
 have shown feasibility of ambient 
imaging of small molecules at 20 µm resolution with infrared laser ablation metastable –induced 
chemical ionization (IR-LAMICI)
158
 and imaging of larger molecules such as peptides and lipids 
at 40 µm resolution using IR lasers with MALDI-MS.
107, 147
 Ambient mass spectrometry imaging 
by laser ablation electrospray ionization (LAESI) has also been accomplished to determine the 
spatial distribution of bio molecules in a wide variety of biological samples.
159-162
 Furthermore, a 
cell-by-cell imaging protocol for a monolayer of single cells using a LAESI system was 
demonstrated by Li et al.
163
 In this approach, an etched optical fiber transmitting mid-IR light is 
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brought in close contact to individual cells of interest to perform localized ablation. Matrix-
assisted laser desorption electrospray ionization (MALDESI) is an ambient ionization method 
that combines attributes from both MALDI and ESI.
164
 Here, an ultraviolet (UV) or infrared (IR) 
laser can be utilized to excite the matrix, that facilitates the desorption of neutral molecules from 
the sample by absorbing the energy of the laser. The ejected molecules are then extracted into the 
charged droplets of electrospray and are sampled by the mass spectrometer.
165
 The utility of 
MALDESI for high lateral resolution MSI has been explored for vast range of applications.
166-169
  
 Another approach for high lateral resolution ambient MALDI MSI was reported by 
Spengler and co-workers, employing the coaxial objective in reflection mode and the ionization 
source was adapted allowing ambient MALDI imaging of biomolecules.
98
 Using this high 
numerical aperture coaxial objective, a 337 nm nitrogen laser was focused to a spot size of 0.5 
µm × 0.6 µm. Imaging of peptide standards was achieved with a laser diameter of 8 µm due to 
sensitivity limitations with smaller spot sizes. Lateral resolution of 5 µm was also reported with 
an atmospheric MALDI imaging system coupled with an Orbitrap mass spectrometer.
170
 A 337 
nm nitrogen laser was focused to a 8 µm spot using a high numerical aperture reflection 
geometry configuration. Images of neuropeptides in mouse pituitary were imaged at 5 µm lateral 
resolution. The instrument has also been used to image lipids in whole body sections of 
mosquitos.
171
 
 Coupling laser ablation with a liquid microjunction surface sampling probe (LMJ-SSP) 
was demonstrated for MSI.
172-173
 The imaging capability of ambient laser ablation LMJ-SSP was 
demonstrated using ink lines, letters, and fingerprints on microscope slides as well as biological 
tissue sections with approximately 100 μm lateral resolution using a 337 nm N2 laser in 
transmission mode geometry.
124, 172-173
 Recently, a commercial Leica laser inverted microscope 
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microdissection system was used in transmission geometry for laser ablation sample capture into 
a flowing solvent followed by quadrupole time-of-flight mass spectrometer.
174
 A 349 nm 
Nd:YLF laser was focused to a spot size of  2 µm and rastered across the sample at a step size as 
small as 0.5 µm. Ambient imaging of features as small as 0.6 µm on a polymer sample and 
imaging cocaine in rat brain tissue sections at a resolution of 15 µm was demonstrated. Lasers 
can also be used for ambient sampling by capturing the ablated material into a solvent droplet by 
decoupling the ionization process from sampling and then performing ionization by introducing 
the captured material into the ion source of a mass spectrometer.
175-177
 An IR laser was used with 
a 5 ns pulse duration, 2 Hz repetition rate, and a maximum fluence of 3 Jcm
−2
 in reflection 
geometry to ablate biomolecules under ambient conditions to produce a sample plume that is 
captured in a solvent droplets.
176
 Droplet captured analytes are then either flow injected into an 
ESI source or deposited on a MALDI target for offline analysis. Moreover, the ability of mid-IR 
lasers to transfer biomolecules such as angiotensin II, bovine insulin, cytochrome c proteins and 
complex biological samples into solvent droplets without fragmentation was also 
demonstrated.
177
 Infrared laser ablation sample transfer (LAST) has also been used in 
conjunction with imaging for the analysis of biomolecules in rat brain tissue.
178
 The spatial 
distribution of phospholipids from mouse brain tissue was demonstrated using LAST with 
having a lateral resolution of approximately 400 μm.  
 Mass spectrometry imaging is an emerging area of chemical and biochemical analysis.  
However, the main technological barrier that limits MSI of biological specimens is the sampling 
ability and ionizing intact large biological molecules at the sub cellular level while maintaining 
the spatial resolution. The methods discussed so far indicate the possibility of performing MSI of 
large biological molecules such as proteins and peptides. It is also possible to perform 
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proteomics at sub-micrometer level with mass spectrometry. However, performing both 
simultaneously is problematic. Therefore, bringing bimolecular imaging mass spectrometry to 
the sub cellular level is challenging. 
1.2 Near-Field Sampling and Imaging Mass Spectrometry 
Laser-based high lateral resolution MS techniques are indispensable analytical tools for 
biochemical MS analysis. Each approach described above has advantages and disadvantages 
depending on the particular application. One common disadvantage inherent to laser MS imaging 
is that the lateral resolution is limited primarily by the laser focus, which is restricted by the 
diffraction limit. Near-field laser ablation is an alternative for improving the lateral resolution 
below the classical optical limit of diffraction.
179-180
 In contrast to far-field optics, the resolution 
in near-field laser ablation is not dependent on the wavelength but rather from the geometry and 
dimensions of the of the near-field element. Below, the basic principles of near-field optics and 
different approaches to near-field laser ablation couple to MS for high lateral resolution chemical 
imaging will be discussed in detail.  
1.2.1  Near-Field Microscopy 
The earliest discussion of a method to overcome the diffraction limit, near-field optical 
microscopy, was formulated in 1928.
181
 Synge et al. suggested that high lateral resolution can be 
achieved by the illumination of samples through a sub-wavelength aperture at the apex of an 
opaquely coated cone. Therefore, in near-field optics, the lateral resolution Δx, no longer depends 
on λ but on the dimensions of the aperture. If the distance between the aperture and surface is 
within few nanometers (the near-field regime), the resolution of such an optical device is not 
limited by optical diffraction defined by the Equation 1.1. 
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Current optical near-field methods are based on atomic force microscopy (AFM) which 
allows near-field element to be placed near a surface.
182-183
 AFM has become one of the most 
commonly used surface probing methods in scanning probe microscopy mainly due to its 
versatility, reliability and ease of use.
184-188
 The AFM was invented by Binnig et al. in 1986, as a 
solution for investigating both conductors and non-conductors at the atomic level without 
damaging the surface of the sample.
189
 Unlike scanning tunneling microscope (STM), which uses 
tunneling current to monitor the distance between tip and a conductive surface, AFM images are 
obtained by measurement of the force on a sharp tip, which is attached to a silicon based 
cantilever, created by the proximity to the sample surface. This measured force is then kept 
constant level with a feedback system.
189-190
 
 The working principle of AFM is based on the reflection of a laser beam from the flat 
surface of a cantilever. The reflected light is detected by a four quadrant detector.
191
 Deflection 
of the tip of the cantilever due to interaction with the surface causes it to bend or twist, resulting 
a position change of the reflected beam on a photodiode detector.
192
 By recording the differences 
of the intensity of the reflected beam on each segment, the system can trace the movement of the 
cantilever.
193
  
 A schematic of the AFM working principle is shown in Figure 1-1. The precision and 
sensitivity of AFM is achieved by laser deflection, in combination with a piezoelectric (PZT) 
control of the sample to tip distance and control feedback system. Precise movement of the PZT 
stage is achieved by applying a voltage.
194
 In general, PZT material will expand 0.1 nm per 
applied 1 V potential. In most AFM systems the probe is stationary and the PZT stage moves in 
x, y, and z directions.  
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Figure 1-1 Operating principle of AFM 
 
 The sensitivity of an AFM also depends on the feedback control system. This system is 
used to keep the cantilever at a fixed distance from the sample surface by maintaining a set 
deflection of the probe. As depicted in Figure 1-1, the photodetector acquires its signal from the 
laser beam reflected from the cantilever. The photodiode detector signals are sent to a feedback 
loop that controls the cantilever deflection. When the tip is rastered parallel to the sample 
surface, a topographic image is acquired by fixing the tip to sample distance and recording the 
feedback current necessary to maintain a constant distance.
194-195
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 There are several operating modes associated with AFM: tapping mode, contact mode, 
and non-contact mode (NC-AFM).
196-197
 In tapping mode AFM, the tip vibrates with a fixed 
amplitude near its resonant frequency. A set amplitude is defined and the surface structure is 
determined by the height required to keep the tip oscillation at the desired amplitude.
192
 When 
the tip encounters a different height, the cantilever oscillation amplitude changes and the 
feedback system moves the PZT stage in z direction to maintain the set amplitude. A schematic 
representation of the tapping mode AFM is shown in Figure 1-2.   
 
 
 
 
Figure 1-2. AFM cantilever motion in tapping mode  
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In contact mode, the tip is brought onto the sample surface and the tip is then dragged 
across the sample surface with the height adjusted to maintain a constant deflection of the tip.
198-
199
 In NC-AFM, the tip is brought into close contact with the sample but it does not contact the 
surface (nm or less above the sample). A periodic oscillation of the tip near its resonant 
frequency is used to gauge the distance from the surface. Interaction forces are measured from 
cantilever frequency changes as the tip oscillation amplitude changes with the interaction 
force.
197
  
 When AFMs are used for near-field spectroscopy and microscopy, the procedure is called 
scanning near-field microscopy (SNOM). The first implementation of SNOM was in 1972.
200
 A 
line scan of a metal grating with sub-wavelength resolution was acquired by coupling light into a 
pulled optical fiber, which forms a sharp tip that is scanned in close distance over a sample 
surface. A schematic representation of near-field microscopy and coupling light through a small 
aperture at the tip end (aperture mode SNOM), is shown in Figure 1-3.   
 
 
Figure 1-3. Aperture and apertureless near-field modes. Sub-wavelength resolution imaging with 
(a) an illuminated opaque metal screen with a small aperture in close distance over a sample (b) 
compared to an aperture SNOM probe having a small aperture at the tip end (c) and apertureless 
near-field illumination mode, where an illuminated sharp metal needle is kept in close distance 
over a sample. 
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 SNOM was mainly utilized in fluorescence and luminescence applications with lateral 
resolutions of few tens of nanometers.
66
 Near-field Raman spectroscopy using SNOM was 
developed by Tsai et al.
201
 The development of near-field Raman spectroscopy enabled SNOM 
Raman imaging and further improvements opened multiple avenues to utilize SNOM in 
chemistry and biological fields on combinations with surface enhanced Raman scattering 
(SERS).
202-203
 However, the limitations inherent to optical fiber probes hindered the use of 
aperture based near-field SNOM imaging technique in many fields. The concept of apertureless 
near-field imaging was introduced by Wessel as a solution to overcome the limitations of 
aperture mode near-field methods.
204
 A sharp metal probe or a metal-coated AFM tip is brought 
into close contact with a sample. When the probe interacts with the light, surface plasmons 
excited at the tip apex create an enhanced electric field (see Figure 1.3 c).
205
 Furthermore, the 
pointed probe in apertureless near-field is similar to electromagnetic antennas that enhance the 
propagating radiation in a confined zone. Because of this similarity, pointed metal probes used in 
near-field optics are also called optical antennas.
205-206
  
1.2.2  Near-Field Ablation and Mass Spectrometry 
Near-field optics can be used not only for spectroscopic applications
207-209
 but also with 
laser desorption and ablation. Laser energy can be delivered through a SNOM probe in aperture 
mode or a sharp metal probe can be irradiated by a laser in apertureless mode to ablate material 
from the sample surface. Near-field laser ablation coupled to mass spectrometry provides a 
suitable platform to analyze materials at higher lateral resolution. The feasibility of a MS 
analysis after ablation through an NSOM probe was first demonstrated in 1998.
210
 A SNOM 
head was placed in the ion source of a TOF-MS and 337 nm wavelength laser pulses were used 
to irradiate the sample in aperture mode. The distribution of acetyl choline/dihydroxybenzoic 
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acid deposited on a TEM grid was determined with line scans on the sample surface. The lateral 
resolution with this approach was approximately 1 μm, due to the limitations of operating the 
SNOM in vacuum. 
 Near-field laser ablation of anthracene using an SNOM tip was demonstrated in 1996,
211
 
and coupling MS with ambient near-field laser ablation was demonstrated in 2001.
212
 A 1.5 
attomole quantity of anthracene was sampled from a 200 nm diameter by 20 nm deep ablation 
crater using a 355 nm Nd:YAG laser coupled to a NSOM fiber with a 170 nm diameter aperture. 
The ablated material was directed into an electron ionization (EI) source of a quadruple MS for 
detection and topographic images of the ablation crates were also obtained using NSOM tip.
212
  
Although, sub-micrometer sampling and MS detection were demonstrated, EI used in this 
method limits the molecules that can be detected with this system. In 2008, an ion-trap/TOF MS 
was used to achieve higher detection sensitivity.
213
 A schematic representation of the 
experimental configuration is shown in Figure 1-4. The laser ablation was ambient and the 
ablated material was transported through a heated capillary into the mass spectrometer.
213
  Mass 
spectra from a 2 µm wide and 800 nm deep ablation craters were acquired for both anthracene 
and 2,5-dihydrobenoic acid (DHB). The feasibility of acquiring localized chemical information 
along with topographical imaging of the same sample by scanning the tip over the sample was 
demonstrated using near-field laser ablation and mass spectrometry.  
 Post-ionization of the near-field ablated material allowed ionization to be performed 
independently from material desorption.
213
 Near-field laser desorption and electron ionization 
post-ionization was accomplished using a SNOM apparatus and quadrupole mass spectrometer. 
A 355 nm Nd:YAG laser was coupled into a near-field optical fiber SNOM tip and the laser  
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Figure 1-4. A schematic of aperture mode near-field laser ablation- MS system. A SNOM tip is 
coupled with a pulsed laser and place on optical near-field to ablate material.  
 
 
ablated material was sampled into a 20 cm long and 20 µm ID stainless steel capillary that was 
positioned 5 µm from the tip. Nitrogen gas was detected from the laser-induced decomposition 
of bis(phenyl-N,N-diethyltriazene) from 200 nm near-field ablation spots. A similar apparatus 
used a 2 kHz repetition rate 349 nm Nd:YLF coupled into a SNOM tip with laser desorbed 
neutrals sampled into an ion trap mass spectrometer with a 250 µm ID capillary.
213
 Tips with 500 
to 800 nm diameter apertures produced craters as small as 200 nm diameter. Spatially resolved 
images of anthracene at 5 µm lateral resolution were reported. It was found that much of the 
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ejected material was redeposited as particulate
214
 and the overall efficiency of ion production 
was 10
-4
.
215
  
 An apertureless near-field LA-ICP-MS method for acquiring localized elemental 
distribution with nanometer scale resolution was demonstrated by Becker and coworkers.
216-219
 
The possibility of ablating material using a sharp silver needle with ~100 nm diameter in 
apertureless near-field mode was demonstrated. A schematic of the experimental configuration is 
shown in Figure 1-5. An etched silver wire with a radius between 100 nm and 250 nm was  
 
 
 
 
Figure 1-5. Apertureless near-field laser ablation ICP-MS system 
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positioned about 200 nm above the sample surface using a precise XYZ manipulator, and 
frequency doubled 532 nm Nd:YAG laser was focused on to the silver wire. In their initial 
experiments, tunnel current was used to control the tip sample distance. Hence, this analysis was 
limited to samples with good electrical conductivity.
216, 220
 Ablation was carried out in a custom 
made ablation chamber and the ablated material was transported with argon as carrier gas into 
the ICP-MS. The figures of merit of the NF-LA-ICP-MS method, tip diameter, and tip sample 
distance were also explored with different sample surfaces.
221
 Although higher resolution was 
achieved, it is not clear that it is a result of near-field enhancement due to the relatively large 
distance between the tip and surface.
222
  
 Goeringer et al. demonstrated ambient laser desorption ionization using a metal AFM 
probe to in apertureless near-field mode.
223
 A schematic representation of the apparatus is shown 
in Figure 1-6.  
 
 
 
Figure 1-6. Schematic of combined AFM and LDI-MS imaging system 
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 In these experiments, a frequency doubled 532 nm Nd:YAG laser was focused at the tip 
of a gold coated AFM probe, and the tip was positioned within 10 nm from the sample to ablate 
material. Ablation craters 50 nm in diameter were observed on rhodamine B dye surface.
223
 In 
this study, the near-field enhancement factor was determined using the ratio of far field damage 
threshold to the near-field ablation threshold, found to be in the order of 10
2
.  
Recently, the utility of near-field laser ablation using an AFM probe for ambient 
nanoscale sampling and acquiring both topographical and chemical images via MS was 
demonstrated.
224
 In this approach, a capillary connected to the mass spectrometer (see Figure 1-
6) sampled the desorbed ions into the ion trap mass spectrometer. Chemical images were 
obtained with 2 µm lateral resolution and AFM topographic images with sub-micrometer 
resolution of the same surface were demonstrated.  
 Near-field laser ablation methods discussed in this section indicate the feasibility of 
ablating material at sub-micrometer scale. Hence, efficient capturing of the ablated material, post 
sample preparation steps to pre-concentrate prior to analysis, and mass spectrometers with 
suitable ionization will enable biomolecule sampling and imaging at high lateral resolution. The 
development of new methods combining apertureless near-field techniques and ambient 
sampling that makes sampling a possibility on the sub-micrometer scale to acquire localized 
chemical information in conjunction with MS.  
1.3 Research Objectives 
 The objective of this research was to develop a near-field laser ablation method capable 
of sampling large biological molecules for MS. The approach is based on apertureless near-field 
laser ablation sampling with capture of the material for ionization and MS detection. The work 
presented in this dissertation is the first step toward sub-micrometer scale sampling of single 
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cells and tissue for MS detection. The AFM tip-enhanced laser ablation system described in 
Chapter 2 was designed and sub-micrometer scale sampling, capture and detection of small 
molecules and biomolecules were demonstrated using the AFM tip-enhanced laser ablation 
system. The experiments discussed in Chapter 3 were performed with a 355 nm nanosecond 
pulsed Nd:YAG laser, which was able to ablate peptides and proteins with minimal 
fragmentation from micrometer or smaller spots. The expansion of the laser wavelengths tested 
from the UV to the visible and infrared wavelengths are described in Chapters 4 and 5. The 
figures of merit of the AFM tip-enhanced laser ablation system, laser wavelength, polarization, 
fluence, limit of detection, and near-field laser ablation efficiency were also explored. In Chapter 
4, a proof of concept test for tissue near-field laser ablation for MS is described. 
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CHAPTER 2. INSTRUMENTATION 
 
This chapter contains a brief discussion of the instruments and procedures used in this 
research. A detailed explanation of coupling AFM with laser ablation for near-field laser ablation 
is presented. System parameters for sub-micrometer scale sampling and mass analysis are 
provided. 
2.1 Atomic Force Microscope 
 The work presented in this dissertation used an AFM system for placing a metal coated 
probe to laser ablate material in apertureless mode and to acquire topographical images of the 
ablated area of the sample. To perform tip-enhanced laser ablation, precise positioning of the 
probe is critical. The tip must be irradiated with an external laser. Therefore, a custom AFM was 
used for all of these experiments. The working principle of a typical AFM instrument and its 
different operational modes are discussed in detail in Chapter 1. 
Anasys afm+ 
 Figure 2-1 is a photograph of the AFM-tip-enhanced laser ablation system. All 
topographical images of the sample of interest and precise positioning of the tip were achieved 
by using an atomic force microscope (Anasys, Santa Barbara, CA). The system is based on a 
commercial system (afm+) that was modified to allow open access to the AFM stage but is 
otherwise identical. The afm+ system includes a brightfield optical microscope with spatial 
resolution of 1.5 m to see the location of the probe on the sample surface and a motorized 
closed loop XYZ piezoelectric stage to position the probe on the sample with < 1 m spatial 
resolution. The system allows probe to be manually positioned at a number of locations or 
alternatively the system also capable of measuring the sample over an area of 100 × 100 m on 
the surface using the array function. The system allows obtaining topographical images in all 
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common imaging modes with high spatial resolution imaging typically in the < 10nm range 
spatial resolution depending on the tip radius of the probe being used. The Anasys afm+ system 
is also capable of performing nanoscale localized thermal analysis.
225
 These measurements are 
made by bringing a probe capable of being heated into contact with sample. The thermal probes 
can be resistively heated by flowing current through a conductive path in the cantilever. 
 
 
 
 
 
Figure 2-1. Photograph of the AFM tip-enhanced laser ablation system. The laser beam path 
(indicated by a green line) reflected by the mirror, travels through the focusing lens and irradiates 
the AFM probe. 
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Gold-coated AFM Tips 
 For all experiments, gold-coated silicon probes (ACCESS-NC-GG, Applied 
Nanostructures, Mountain View, CA) with an apex half-cone angle of 11
o
 and a radius of 
curvature of 30 nm was used. The nominal values of spring constant and resonant frequency 
were 78 N/m and 300 kHz, respectively. These probes are designed with a tilt angle of 17
o
 with 
respect to the cantilever axis, which allows direct optical view of the tip when imaging and 
irradiating with an external laser. The reflective sides of the probe are coated with gold with 15 
nm thickness, helps to enable optical antenna effect when irradiated by an external user. A close-
up photograph of the AFM sampling stage and tip is shown in Figure 2-2.  
 
 
 
 
Figure 2-2. Photograph of the sampling stage and tip of afm+ instrument 
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 Prolong exposure of the AFM probe to the laser tends to cause damage by removing the 
gold coating. Figure 2-3 is a SEM image of the AFM tip before and after exposure to the external 
laser for 1000 laser shots. 
 
 
 
 
 
Figure 2-3. SEM images of the AFM probe (a) before use and (b) damaged after exposure to 
1000 laser shots. 
 
2.2  Laser and Optical System 
 The pulsed laser source used for the ablation is a Q-switched, Nd:YAG system (Powerlite 
8000, Continuum, San Jose, CA), that can be operated with a second and a third harmonic 
generator. Therefore, desired output wavelength except the fundamental (1064 nm) was chosen 
(532 nm and 355 nm) by changing the frequency doubling and tripling crystals respectively. The 
pulse duration was 5 ns. The pulse energy of the laser was controlled by shifting flash lamp 
voltage, which will change the time between the ignition of the flash lamp. Further adjustment to 
the laser energy was done using a variable neutral density filter. As depicted in Figure 2-4, 
desired polarization of the output beam was adjusted using a half wave plate and the laser beam 
was mildly focused using a 25 cm CaF2 lens to irradiate the AFM probe at an angle of 83º, nearly 
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parallel with the laser table. The laser was directed toward the AFM at an angle of 45º with 
respect to the vertical plane containing the cantilever.  
 
 
 
 
Figure 2-4. Schematic of the AFM tip-enhanced laser ablation system 
 
Material Capture 
 The ablated material was captured on a silver wire with a diameter of 100 m. The wire 
was flattened manually at the tip to produce a ribbon 400-500 m in width. The wire was 
mounted on a three-axis mechanical stage and positioned above the AFM tip. A close-up 
photograph of the carefully positioned silver wire is shown in Figure 2-5. The distance was 
viewed using the AFM video camera and the distance between the capture wire and the ablation 
spot was set to approximately 100 m. The height of the wire above the sample surface was 
approximately 300 m. For multiple spot collection, the wire was kept in the same position 
above the tip. The tip-sample distance was controlled by engaging the AFM probe in tapping 
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mode at an amplitude set point of 1 V, where the amplitude sensitivity of the probe was 6-7 
nm/V. Hence, the AFM probe was oscillating between 0-15 nm from the surface at its resonance 
frequency during the laser irradiation. 
 
 
 
Figure 2-5. Mounted silver wire positioned 300 m above the AFM tip 
 
 
Mass Spectrometer 
For the experiments reported in this dissertation, all the mass spectra were taken using a 
MALDI TOF mass spectrometer (Ultraflextreme; Bruker). This system is equipped with a 
frequency tripled Nd:YAG 355 nm laser to desorb samples.
226
 The laser can be operated at 1 kHz 
repetition rate and the spot size of the laser, typically between 10-100 µm, can be controlled by a 
computer. The MALDI TOF instrument is capable of operating in both linear and reflectron 
modes and the resolution of the MALDI TOF system is 40,000 in 700 to 5000 m/z range.  
The instrument was used in reflectron mode and mass spectra result from laser desorption 
ionization for anthracene and rhodamine 6G and MALDI for angiotensin II and insulin. After 
capture, the wire was removed from the positioning stage, cut to a 4 mm length and attached to a 
 36 
MALDI target using double-sided conductive tape. The laser spot diameter in the MALDI mass 
spectrometer was 100 m and 500 shots were used to obtain the spectrum on each spot 
For MALDI mass spectrometry of angiotensin II and insulin, a saturated solution of α-
cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich, St. Louis, Missouri) dissolved in a 
mixture of 85:15 ratio of acetonitrile (99.8%, EMD Chemicals, Gibbstown, New Jersey) and 
0.1% trifluoroacetic acid (TFA, 99.0%, Fischer Scientific, Fairlawn, New Jersey) in water was 
used as the matrix. After capture, the silver wire was washed in 5 µl of the matrix solution and 
the matrix and the solution was deposited on the MALDI target. The spectrum for angiotensin II 
was obtained in reflectron mode whereas linear mode was used for insulin. A 100 µm laser spot 
diameter and 500 shots were used to obtain the mass spectra. 
2.3  Tissue Samples 
 A microtome was used to cut 10 μm thick mouse brain tissue sections that were thaw-
mounted on 25 mm x 50 mm glass microscope slides and were stored at −80 °C until analysis. 
The samples were dried in a vacuum chamber for 2 hours prior to the analysis. The glass 
microscope slide with the tissue section was placed on AFM sample stage prior to the 
experiments. The AFM images of the area of interest were obtained prior to the TELA and after 
the ablation experiments for comparison. All AFM topographic images shown in this work were 
obtained in tapping mode. 
The ablated material was extracted from the capture wire by immersing the tip of the wire 
in 2 μL of a saturated solution of α-cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich, St. 
Louis, Missouri) matrix in a 50:50 (v/v) solution of acetonitrile and 0.1% aqueous trifluoroacetic 
acid. The solution was then deposited on a MALDI target (MTP 384, Bruker) for analysis. Mass 
spectra were acquired from an average of 500 laser shots. 
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Lipids were extracted from the rat brain tissue using the Folch method 
227-228
 for 
comparison with the ablation capture samples. Rat brain tissue sections were homogenized in 1 
mL of 2:1 dichloromethane:methanol and the mixture was vortexed for 15 min. Solids were 
removed by a 0.45 µm filter (Durapore, 0.45 µm, Cole-Parmer, IL, USA) and 0.2 mL of a 0.15 
M NaCl solution was added to the filtrate and the mixture was centrifuged at 2000 rpm for 10 
min. The organic layer containing the lipids was decanted and evaporated under vacuum in a 
rotary evaporator for 10 min. The lipids were resuspended in 2 μL of CHCA matrix solution and 
deposited on a MALDI target for analysis.  
HPLC grade acetonitrile and methanol were purchased from Fisher Scientific (Pittsburgh, 
PA, USA). Dicloromethane, TFA and NaCl were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Rat brain tissue samples were donated by the National Institute of Drug Abuse intramural 
research program. (National Institutes of Health, Baltimore, Maryland, USA) 
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CHAPTER 3. TIP-ENHANCED LASER ABLATION SAMPLE TRANSFER FOR 
SMALL AND LARGE MOLECULE  
MASS SPECTROMETRY* 
 
The purpose of the research described in this chapter was to explore the utility of AFM 
tip-enhanced laser ablation mass spectrometry for the detection of biomolecules. Atomic force 
microscope (AFM) tip-enhanced laser ablation was used to transfer molecules from thin films to 
a suspended silver wire for off-line mass spectrometry using laser desorption ionization (LDI) 
and matrix-assisted laser desorption ionization (MALDI). For the small molecules anthracene 
and rhodamine 6G, the wire was cut and affixed to a metal target using double-sided conductive 
tape and analyzed by LDI using a commercial laser desorption time-of-flight mass spectrometer. 
For the larger polypeptide molecules angiotensin II and bovine insulin, the captured material was 
dissolved in saturated matrix solution and deposited on a target for MALDI analysis. 
Approximately 100 fg of material was ablated from each of the 1 µm ablation spots and 
transferred with approximately 3% efficiency. 
3.1 Introduction 
The use of tip-enhanced or near-field ablation for the detection of biomolecules requires 
efficient coupling to a soft ionization method such as MALDI or electrospray. In particular, the 
method must be efficient at forming ions from clusters and small particles that are produced by 
near-field ablation. One approach is to merge the ablated material with an electrospray source. 
148, 229-230
 This technique has been used with a unique etched optical fiber configuration for 
infrared laser ablation imaging.
144
 The spatial resolution observed was 20 µm and, although an  
  
 
* Some portions of the work reported in this chapter was previously appeared as Ghorai, S.; 
Seneviratne, C. A.; Murray, K. K., Tip-Enhanced Laser Ablation Sample Transfer for Biomolecule 
Mass Spectrometry, and has been published in the Journal of the American Society for Mass 
Spectrometry.
231
 Reprinted by permission of the Elsevier. 
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optical fiber was used, ablation conditions were not in the near-field regime. An alternative 
approach that does not require merging of the ablation plume with the electrospray is laser 
ablation sample transfer.
172, 176, 232
 In this approach, the ablated material is captured in static or 
flowing solvent or on a solid surface, after which, MALDI or electrospray can be performed. 
Decoupling the sampling and ionization steps allows both to be optimized independently and has 
the potential for high efficiency sample utilization. 
In this chapter, tip-enhanced laser assisted sample transfer using an atomic force 
microscope to position a conductive probe for UV laser ablation is described. A 355 nm pulsed 
laser was focused onto a gold-coated silicon AFM tip. The desorbed or ablated material was 
captured on a silver wire suspended above the AFM tip and the wire was removed for analysis 
directly by LDI or with the addition of a matrix for MALDI using a commercial time-of-flight 
mass spectrometer. Removal of material with sub-micrometer level lateral resolution, 
topographical images of the ablation craters, LDI, and MALDI detection of the captured material 
were demonstrated. The system is able to transfer fmol quantities of molecules as large as 
peptides and small proteins with little to no fragmentation. 
3.2 Experimental 
 
The AFM laser ablation sample transfer configuration described in Chapter 2 was used in 
all experiments reported in this section. The ablation laser is a 355 nm frequency tripled pulsed 
Nd:YAG laser with a repetition rate of 10 Hz and 5 ns pulse width. The 355 nm wavelength was 
chosen for comparison to several of the previous near-field ablation studies.
212-215
 The 
polarization of the beam was adjusted using a half wave plate and polarization perpendicular to 
the tip axis was used in all of the experiments described below. Although optimum tip 
enhancement typically requires polarization parallel to the tip axis of a pointed probe,
67, 233
 the 
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tip used in this work is a triangular pyramid that could favor enhancement at the pyramid edges, 
similar to what has been observed for triangular nanoprisms.
234-237
 The beam was mildly focused 
using a 25 cm CaF2 lens to irradiate the AFM probe at an angle approximately 80º from normal, 
nearly parallel with the laser table. The laser was directed toward the AFM tip at an angle of 45º 
in the horizontal plane and approximately 10º in the vertical plane. The focal point was 
approximately 4 cm beyond the probe and the resulting laser diameter where it intersected the tip 
was 600 m. The efficiency of ablation was found to be highly dependent both on the laser focus 
and angle with respect to the AFM tip.  
Tip-to-surface control for laser ablation was accomplished by engaging the tip in tapping 
mode with the sample at an amplitude set point of 1 V, where the amplitude sensitivity of the tip 
was 6-7 nm/V. The tip was operated in tapping mode with the tip-to-sample distance set to 15 
nm, thus the tip was oscillating between 0 and 15 nm while being irradiated. Height control with 
a static tip was not possible with the current AFM control software. Ablation was performed 
using 30 laser shots over 3 s per ablation spot. The AFM conditions were the same for all of the 
material removal reported below.  
The ablated material was captured on a silver wire with a diameter of 100 m. The wire 
was flattened manually at the tip to produce a ribbon 400-500 m in width. The wire was 
mounted on a three-axis mechanical stage and positioned above the AFM tip. The distance was 
viewed using the AFM video camera and the distance between the capture wire and the ablation 
spot was set to approximately 100 m. The height of the wire above the sample was 
approximately 300 m. For multiple spot collections, the wire was kept in the same position 
above the tip. A new wire was used for each set of collections. 
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 For all off-line LDI experiments, the wire was removed from the positioning stage, cut to 
a 4 mm length and attached to a MALDI target using double-sided conductive tape and for 
MALDI experiments, the silver wire was washed in 5 μL of the matrix solution and the matrix 
and extracted analyte was deposited on the MALDI target plate prior to off-line MALDI analysis 
as described in Chapter 2.  
To prepare thin films for ablation, anthracene was dissolved in acetonitrile at a 
concentration of 1 mg/ml and a similar concentration solution of rhodamine 6G (99%, Sigma-
Aldrich) was prepared in dichloromethane. Angiotensin II and bovine insulin were prepared in 
equal volumes of acetonitrile and 0.1% aqueous TFA. The thin film of the sample was prepared 
by slow evaporation of 3 drops of solution placed on glass cover slip.  
3.3 Results 
Initial studies used tip-enhanced transfer of material to a silver wire that was attached to a 
target for direct laser desorption ionization mass spectrometry analysis. The AFM system was 
first used to irradiate an anthracene thin film prepared from an acetonitrile solution. Figure 3-1 a 
shows the AFM image of anthracene thin film before laser irradiation. The film roughness was 
found to be 3.4 nm, measured over the 1 m area of Figure 3-1 a. Material removal was 
performed by directing the laser onto the probe for 3 seconds with a repetition rate of 10 Hz at a 
fluence of 850 J/m
2
 with the tip held 15 nm above the surface as described above. A 
representative image of the crater created using 30 laser shots is shown in Figure 3-1 b. The spots 
were elongated in the dimension perpendicular to the laser beam with a dimension of ca 1 m × 
0.6 m. The height profile of the crater along the line indicated in Figure 3-1 b is shown in 
Figure 3-1 c. The average depth of the ablation craters under the conditions used for Figure 3-1 
was 200 nm and the average ablation spot area was 0.5 µm
2
. This corresponds to 40 fg of 
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material removed from the thin film, assuming a conical crater. A 200 nm wide and 40 nm tall 
rim was formed around the anthracene ablation crater, which is attributed to the buildup of 
molten ejecta. Ablation craters for rhodamine 6G are shown in Figure 3-1 d. The laser energy, 
focus, and number of shots were identical to that used to obtain Figure 3-1 b. The rhodamine 
ablation craters were round with an average size of 900 x 650 nm. An image of a single crater is 
shown in Figure 3-1 e and its depth profile is shown in Figure 3-1 f. The average depth of the 
craters was 150 nm, which corresponds to 30 fg of material removed. The ejecta rim is 20 nm tall  
 
 
 
 
 
Figure 3-1. Near-field laser produced craters using AFM. (a) and (b) show AFM height images 
before and after the ablation experiment respectively with anthracene thin film; whereas the 
height images for ablation of rhodamine 6G are shown in (d) and (e). The depth profiles of the 
crater are shown in (c) and (f) for anthracene and rhodamine 6G respectively.  
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and 100 nm wide; the smaller crater rim may be related to the higher melting point of rhodamine 
6G (290 ºC) compared to anthracene (218 ºC) and will be affected by the film morphology and 
absorption of the two compounds. 
The LDI mass spectrum of captured anthracene is shown in Figure 3-2. A total of 18 
spots were irradiated under the conditions described above. Ablated anthracene from these spots 
was collected on a single flattened silver wire, which was cut to a length of 4 mm and mounted 
on a steel MALDI target with double-side conductive tape. Figure 3-2 a shows the mass 
spectrum of the silver wire alone. The peaks at m/z of 107 and 109 arise from the abundant silver 
isotopes at approximately equal abundance. The peaks around m/z 216 and m/z 324 arise from 
Ag2
+
 and Ag3
+ 
that are observed from direct irradiation of the silver surface, consistent with 
published results.
238-239
 Figure 3-2 b shows the LDI mass spectrum dipped in a 1 mg/mL solution 
of anthracene in acetonitrile solvent. The M
+•
 peak for anthracene is observed at m/z 178. Figure 
3-2 c shows the mass spectrum of anthracene near-field ablated and captured on the silver wire. 
Although the signal is two orders of magnitude lower, the anthracene peak is observed at m/z 
178.  
Mass spectra of rhodamine 6G are shown in Figure 3-3. Figure 3-3 a shows a LDI mass 
spectrum obtained by dipping a silver wire in a 1 mg/mL dichloromethane solution of 
rhodamine. The prominent peaks at m/z 388, 415 and 444 are associated with rhodamine 6G 
LDI. The prompt fragmentation results from alkyl groups from the dye molecule and has been 
reported previously.
240-241
 Figure 3-3 b shows the LDI mass spectrum of rhodamine 6G obtained 
by transfer from 18 ablation spots under the conditions reported for Figure 3-1. The mass 
spectrum shows peaks at peaks at 388, 415 and 444 characteristic of rhodamine 6G, although the 
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388 peak is somewhat larger, suggesting that some fragmentation may have occurred during the 
ablation.  
 
 
Figure 3-2. LDI mass spectra of (a) blank silver wire, (b) silver wire dipped in anthracene 
solution and (c) near-field laser ablation capture on silver wire. 
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Figure 3-3. LDI mass spectra of (a) silver wire dipped in rhodamine 6G solution and (b) near-
field laser ablation transfer from 18 ablation spots to a silver wire. 
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The efficiency of tip-enhanced laser assisted sample transfer was estimated by 
comparison of the LDI signal of transferred rhodamine 6G with the signal obtained from a 
sample deposited from a solution of known concentration. To test the transfer efficiency, a 5 µL 
aliquot of rhodamine 6G from a 1 nM solution in dichloromethane was deposited on the MALDI 
target to form an approximately 2 mm diameter spot containing 5 fmol rhodamine 6G. LDI was 
performed exhaustively on the spot by irradiating each point on the deposit until the sample was 
depleted (several hundred laser shots) and the signal approached zero. The integrated signal for 
the base peak at m/z 444 was recorded and used as a calibration of signal per mol sample. The 
ablated rhodamine 6G spot dimensions were 900 × 650 nm and 150 nm in depth, yielding 70 
amol material for a single conical crater. Comparison of the signal obtained from multiple 
ablated craters (for example Figure 3-3 b) to the calibration gives a sample collection efficiency 
of 3% with an error of 0.5%.This is similar to the efficiency reported for droplet collection using 
far-field ablation.
176-177
  
 We found that larger molecules could also be transferred without fragmentation using the 
tip-enhanced laser assisted sample transfer system. The extra steps of matrix addition and 
deposition were necessary to detect the larger molecules. Figure 3-4 shows the transfer of the 
peptide angiotensin II. Figure 3-4 a, is an AFM image of the laser-produced crater in a thin film 
of the peptide. The laser fluence was 1.1 kJ/m
2
 and 30 shots were used to remove the material. 
The craters ranged from 500 to 800 nm deep with dimensions of 1100 × 650, corresponding to 
500 amol of peptide. Assuming a 3% transfer efficiency as determined above, this corresponds to 
15 amol transferred to the wire. For the ablation of angiotensin II, the rim had a noticeable 
threefold rotational symmetry coincident with the edges of the triangular pyramid AFM tip, 
suggesting an edge enhancement of the electric field at these points (this can be observed to an 
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extent in Figure 3-1, but is more pronounced here). The transferred material was dissolved in 5 
μL of saturated CHCA in 1:1 acetonitrile and 0.1% TFA and deposited on the MALDI target for 
analysis.  
 
 
 
 
Figure 3-4. Tip-enhanced laser assisted sample transfer of the peptide angiotensin II showing a) 
AFM image of a laser produced crater and b) MALDI mass spectrum of material transferred 
from a single spot. 
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The mass spectrum in Figure 3-4 b was obtained in positive ion reflectron mode. The most 
intense peak in the mass spectrum is protonated angiotensin [M + H]
+
 with sodium and 
potassium adduct peaks visible to higher mass.  
The largest polypeptide that was transferred and observed by MALDI was bovine insulin. 
A linear mode MALDI mass spectrum of insulin is shown in Figure 3-5. The material was 
transferred at a laser fluence of 1.1 kJ/m
2
 and 30 shots from ten individual spots, dissolved in 
matrix, and deposited on a MALDI target for analysis as above.  
 
 
 
 
 
 
Figure 3-5. MALDI mass spectrum of bovine insulin transferred from 10 spots using tip-
enhanced laser assisted sample transfer. 
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The base peak in the mass spectrum is protonated insulin with a doubly-protonated peak also 
observed.  Several other peaks are observed, for example at m/z 4305 and m/z 4820, and these are 
tentatively assigned to fragments of insulin. These peaks do not appear in MALDI spectra of an 
insulin standard obtained under comparable conditions and their intensity in relation to the 
insulin base peak varies from run to run. MALDI mass spectra of insulin standard obtained under 
comparable conditions do not contain fragments. The fragments were observed at the same m/z 
in multiple spectra, although the relative peak intensities varied slightly from spectrum to 
spectrum. A similar procedure was used to transfer the proteins cytochrome c, lysozyme, and 
myoglobin. Although comparable craters were formed with these samples, no high mass signal 
was detected in linear MALDI mass spectra with either CHCA or sinapinic acid matrix. 
 The tip-enhanced material removal that we have observed may be a result of either local 
enhancement of the light field at the AFM tip or rapid heating of the tip with the thermal energy 
transferred to the sample. The observation that the optimum laser polarization is perpendicular to 
the tip axis rather than parallel is not consistent with a simple model of apertureless tip 
enhancement,
67, 233
 but as noted above, the triangular pyramid shape of the AFM tip may lead to 
near-field enhancement at the pyramid edges with perpendicular polarization, similar to results 
from triangular nanoparticles.
234-237
 The fact that the ablation crater is much larger than the tip 
radius is somewhat unexpected, but is consistent with field enhancement at the pyramidal tip 
edges. The 600 nm to 1 µm crater diameters are generally consistent with the crater sizes 
observed in previous studies using aperture
242
 and apertureless tips.
218
 The relative contributions 
of thermal and electric field effects remains an open question.
179
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3.4 Summary 
 Atomic force microscope tip-enhanced laser assisted sample transfer to a suspended 
silver wire was demonstrated with direct off-line LDI MS of the collected material on the wire 
and MALDI MS of the material dissolved in matrix and deposited on target. When the AFM tip 
in contact with the sample is irradiated with a pulsed 355 nm ns pulse width Nd:YAG laser, 
craters between 600 nm and 1 µm in diameter and between 150 and 800 nm deep are formed. 
The ablation craters are approximately ten times larger than the AFM tip diameter; however, 
relatively large craters have been observed previously in near-field laser ablation.
214, 242
 Some 
craters have a three-fold symmetrical ablation and melting pattern, suggestive of enhanced 
material removal at the edges of the triangular pyramid AFM tip. This result is consistent with 
the observation that laser polarization perpendicular to the tip axis is optimum for material 
removal through a near-field process. However, it is possible that the material removal is driven 
by AFM tip heating and rapid heat transfer to the sample. We note that we have observed analyte 
melting under conditions that also result in the formation of intact protonated analyte 
molecules.
243
 
 It is estimated that 3% of the material that is removed is redeposited on the suspended 
wire that was 300 µm above the sample target. Previous studies have reported transport distances 
of 50 µm or less for ablated material before it is deposited on the aperture probe.
214
 Other studies 
have shown that jets of particulate are ejected to distances of more than 100 µm.
242
 It is possible 
that the angled AFM tip does not significantly obstruct the ablation plume so that a sufficient 
amount of material is transported to the capture wire. Alternatively, the wire may simply be 
capturing that fraction of the material that does not condense into particulate. 
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 The largest molecule that was transferred intact was bovine insulin at 5733 molecular 
mass. Some specific fragmentation was observed in the insulin mass spectrum that is most likely 
the result of the laser ablation sample transfer process. It was possible to ablate larger proteins, 
but these were not detected either due to fragmentation or insufficient sensitivity. Ongoing work 
is being directed at improving the amount of material collected and capturing material from cells 
and tissue. Because the capture is separate from analysis, tip-enhanced capture of materials can 
be used with analysis methods other than mass spectrometry such as DNA/RNA sequencing and 
fluorescence assays. 
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CHAPTER 4. TIP-ENHANCED LASER ABLATION SAMPLE TRANSFER FOR 
LARGE BIOMOLECULE AND TISSUE  
MASS SPECTROMETRY* 
 
 The goal of the research described in this chapter was to utilize tip-enhanced laser 
ablation (TELA) system to ablate intact biomolecules followed by MS detection. Atomic force 
microscope (AFM) TELA was used to transfer biomolecules from thin films and tissue sections 
to a suspended silver wire for off-line mass spectrometry using matrix-assisted laser desorption 
ionization (MALDI). In this work, the ability of coupling visible and near IR laser radiation with 
the TELA capture approach to ablate biomolecules was also tested. The fundamental wavelength 
of the Nd:YAG laser at 1064 nm, and 532 nm wavelengths were used to ablate tissue sections 
and thin films of peptides and protein samples respectively. The ability of these wavelengths to 
transfer biomolecules without fragmentation was tested and the effect of laser polarization on the 
efficiency of material removal was also studied.
244
  
4.1 Introduction 
 
 As discussed in Chapter 1, the resolution of laser-based mass spectrometry imaging is 
constrained by the diffraction limited laser spot size, which is approximately 200 nm, half of the 
wavelength a UV laser. The best resolution is obtained in transmission mode where the laser 
irradiates the back side of the sample to eject material from the front side. An objective lens can 
focus the laser to a spot size below 1 μm,61 but the drawback to transmission mode is that it 
requires extremely thin samples of 1 μm thickness or less. In reflection mode, a standard high 
numerical aperture objective cannot be used because the low working distance means that the  
 
 * Some portions of the work reported in this chapter was originally published as Murray, K. K.; 
Ghorai, S.; Seneviratne, C. A., Tip-Enhanced Laser Ablation Sample Transfer for Mass 
Spectrometry, and has been published in MRS Proceedings.
244
 Reprinted with permission from 
the Cambridge university press. 
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ablated material or ions are blocked by the objective. A unique solution to this problem is an 
objective lens with a central hole through which the desorbed ions pass. This approach has been 
used to produce focused spots of 600 nm and imaging resolution of 1 μm under vacuum96 and a 
25 μm spot for atmospheric pressure MALDI.245 Long working distance Schwarzschild 
objectives have been used for laser desorption ionization imaging at 1 μm lateral resolution with 
at a working distance more than 10 cm.
77-78
  
 As discussed in Chapter 1, there are two laser-based mass spectrometry imaging modes 
that are not limited by the ability to focus laser. The first of these is microscope imaging mode in 
which ions are created from a large spot but are mapped to a two-dimensional detector at high 
resolution. This approach has been used to obtain 4 μm lateral resolution with a 200 μm laser 
spot,
21
 which is below the diffraction limit for the IR laser used.
22, 94
 A second approach is near-
field desorption and ablation: aperture near-field uses a reflective-coated optical fiber probe and 
apertureless near-field uses a sharp conductive tip.
94
 Direct ionization by laser desorption 
ionization has been accomplished by aperture near-field in vacuum
210
 or under ambient 
conditions with the ions directed into the mass spectrometer.
224
 Electron ionization has been used 
in conjunction with ambient aperture near-field ablation where molecules desorbed at 
atmospheric pressure were sampled into vacuum through a capillary tube and directed into the 
ion source.
212-213
 Apertureless near-field ablated material has been sampled into inductively 
coupled plasma mass spectrometry (LA-ICP-MS) with sub-micrometer lateral resolution.
218
  
 In the work described in this Chapter, we have extended the UV TELA capture approach 
to visible and near IR wavelengths. Experiments were performed with a pulsed nanosecond 
Nd:YAG laser fundamental (1064 nm), and doubled (532 nm) wavelengths to ablate rat brain 
tissue sections and peptide and protein samples from deposited thin films respectively. The 
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material was collected, mixed with a matrix, and ionized in a MALDI time-of-flight mass 
spectrometer.  
4.2 Experimental 
 
 The AFM laser ablation sample transfer configuration described in Chapter 2 was used in 
all experiments reported in this section. Standard proteins and peptides were deposited from 
solution onto a glass coverslip mounted on a circular metal disc. Typically, a 50 µL volume of 
solution was deposited and the film was formed by slow evaporation. In this work, insulin and a 
peptide mixture were studied. The mixture of peptides was prepared by mixing solutions of 
bradykinin fragments (1-7), angiotensin II, angiotensin I, and renin substrate tetradecapeptide 
porcine in 3:4:5:6 molar ratio. It was possible to form thin films of insulin, however, the peptide 
mixture tended to segregate into separate crystals after slow evaporation. For tissue analysis, 10 
μm thick mouse brain tissue sections that were thaw-mounted on 25 mm × 50 mm glass 
microscope slide were mounted on a circular metal disc. The AFM images of the sample surface 
were obtained in tapping mode. All topographic images were obtained using the same 
experimental conditions. 
 The ablation wavelength was 532 nm or 1064 nm pulsed nanosecond laser. The laser was 
focused using a 25 cm CaF2 lens to a spot size of approximately 600 µm and was attenuated 
using a variable neutral density filter. The polarization of the beam was adjusted with a rotating 
half-wave plate. Ablation was accomplished by irradiating the AFM tip with the mildly focused 
laser as described in Chapter 2. 
 All the samples were prepared according to the procedures described in Chapter 2 and the 
captured material was analyzed by MALDI instrument. To enhance the MALDI signal, 
exhaustive sampling of the deposit was performed and the sum of the spectra is reported. 
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4.3 Results 
 
 First, the capability of ablating material using 532 nm wavelength was tested. The 
working conditions were optimized for 532 nm ablation of peptides and proteins. The first 
sample analyzed was a peptide mixture created by mixing four peptide solutions. Figure 4-1 a, 
shows the sample region scanned prior to ablation. The ablation was performed with a single 
laser shot at every ablation spot with a laser fluence of 1 kJ/m
2
. After selective ablation of 
material removal from the top half of the targeted sample region, the sample appeared as shown 
in Figure 4-1 b. Additional material was selectively ablated and captured and the resulting 
images are shown in Figure 4-1 c and 4-1 d. The ablated materials are captured on the wire and 
analyzed by MALDI. The captured material was dissolved in 5 μL of CHCA matrix solution by 
extensive washing of the tip of the wire. Then, the solution was deposited on the MALDI target 
for analysis. Figure 4-2 shows the mass spectrum of the ablated and captured peptide mixture. 
We were able to detect all four peptides in the mixture. As shown in Figure 4-2, peaks at m/z of 
757, 1046.6, 1296.6 and 1759.1 were observed for bradykinin fragments (1-7), angiotensin II, 
angiotensin I and renin substrate, respectively. Due to the low sample quantity, the spectrum was 
obtained by exhaustive sampling of the MALDI target spot. The intensities of the peptide peaks 
do not match the peptide concentration in solution, particularly for bradykinin (1-7), which has a 
low signal. This is most likely due to separation of the peptides on the target prior to near-field 
ablation and capture. 
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Figure 4-1. AFM images of (a) 5 μm x 5 μm region of a deposited peptide mixture; the light 
region indicated by the green arrow corresponds to the sample; (b) material removal is observed 
after ablation from the top half of the sample and the green arrow indicates the material targeted 
for ablation; (c) removal of some of the remaining material; (d) sample region after complete 
material removal. 
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Figure 4-2. Mass spectrum of a peptide mixture ablated and captured for MALDI analysis; the 
blue circles indicate the protonated peptide peaks.  
 
 A topographical image of insulin ablation crater and a MALDI mass spectrum of insulin 
obtained using 532 nm tip-enhanced laser ablation transfer are shown in Figures 4-3 and 4-4 
respectively. The protein was transferred from 10 individual ablation spots, dissolved in matrix, 
and deposited on the MALDI target for analysis. The most intense peak in the mass spectrum is 
the protonated insulin molecule at m/z 5734. The doubly protonated insulin molecule is also 
observed at m/z 2868. In contrast to laser ablation transfer at 355 nm,
231
 additional fragmentation 
peaks are not observed. The gentler material transfer at 532 nm as compared to 355 nm may be 
due to the stronger plasmon absorption expected at this wavelength for the 30 nm gold coated 
AFM tip.
180
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Figure 4-3. Insulin ablation crater from 532 nm tip-enhanced laser ablation. 
 
 
Figure 4-4. MALDI mass spectrum of the protein insulin using AFM tip-enhanced ablation 
and capture. 
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 One of the most significant differences between 532 nm near-field laser ablation and 355 
nm ablation is the laser polarization dependence. At 355 nm it was found that s-polarization with 
the laser electric field perpendicular to the tip axis gave the best ablation.
231
 The optimum 
polarization for apertureless near-field ablation is parallel to the optical antenna axis.
180
 With 532 
nm radiation, p-polarization is favored and removes more than five times as much material as s-
polarization and is consistent with a near-field effect. 
 Next, we have utilized the TELA approach to capture material from sub-micrometer size 
craters on biological tissue samples. The 1064 nm wavelength was used for tissue ablation with 
the rationale that the near-IR absorption window of the tissue will be minimally disruptive. The 
ablated material was collected, mixed with a matrix and analyzed in the MALDI time-of-flight 
mass spectrometer. Removal of material with micrometer sized ablation craters, AFM 
topographical images of the ablation craters on the rat brain tissue, and MALDI detection of the 
captured material were demonstrated.  
 The working conditions of the TELA system such as laser energy and focus were adjusted 
for the tissue ablation using 1064 nm Nd-YAG laser to obtain craters on rat brain tissue. First, 
the rat brain tissue section (10 µm thickness) slide was placed on the AFM stage and observed 
from the AFM video camera for the selection of the area of interest. Figure 4-5 a, shows the 
AFM height image of the sample region scanned prior to ablation. The ablation was performed 
by placing the AFM probe 15 nm above the surface of the rat brain tissue and irradiating for 3 
seconds with a repetition rate of 10 Hz at a laser fluence of 12 kJ/m
2
. The resulting crater is 
shown in Figure 4-5 b. The depth profile of the crater along the cursor line indicated in Figure 4-
5 b is shown in Figure 4-5 c. The average depth of the ablation craters from three replicates 
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under the conditions used for Fig. 4-5 b was 400 ± 30 nm and the average ablation spot area was 
9.5 ± 0.8 μm2.  
 
 
 
 
Figure 4-5. TELA produced crater on rat brain tissue using AFM. (a) and (b) show AFM height 
images before and after the ablation experiment respectively with rat brain tissue section. The 
depth profile of the crater is shown in (c) for rat brain tissue section. 
 
  The ablated material was captured and analyzed by MALDI according to the previously 
reported protocol.
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 The resulting mass spectrum is shown in Figure 4-6 a. In this spectrum the 
most intense peaks in the m/z range between 400 and 600 are from the CHCA matrix ions 
(indicated with asterisks). A magnified view of the spectrum in the m/z range between 600 and 
1100 is shown as an inset where phospholipids are typically detected.
178, 246
 No peaks were 
observed above m/z 1100 for any of the tissue samples. The dominant mass peaks in Figure 4-6 
between m/z 600 and 1100 are assigned to phosphatidylcholines (PCs). In this spectrum, 
prominent ions at m/z 734.6 [PC(32:0) + H]
+
, 760.6 [PC(34:1) + H]
+
, and 788.6 [PC(36:1) + H]
+
 
are labelled. Here, PC indicates phosphatidylcholine, and the numbers in parentheses indicate the 
alkyl chain length and number of double bonds, respectively.  
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Figure 4-6. MALDI mass spectra from rat brain tissue sample (a) solvent extracted rat brain 
tissue sample (b) from a TELA produced crater shown in Figure 4-5 b. A magnified view of the 
m/z 600–1100 region is shown in the inset for each spectrum. In this spectrum, prominent ions at 
m/z 734.6 [PC(32:0) + H]
+
 , 760.6 [PC(34:1) + H]
+
, and 788.6 [PC(36:1) + H]
+
 are shown. PC 
indicates phosphatidylcholine, and the numbers in parentheses indicate the alkyl chain length and 
number of double bonds, respectively. 
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 In order to compare with the detected material sampled by TELA, a MALDI mass spectrum 
was obtained from a portion of the same tissue section of the rat brain tissue sample that was 
used for TELA experiments. For this experiment, the tissue sample was treated according to the 
Folch extraction procedure and mixed with 2 μL of CHCA matrix solution and the solution was 
then deposited on the MALDI target for analysis. Mass spectra are shown in Figure 4-6 b. The 
resulting mass spectrum from solvent extracted MALDI analysis of rat brain tissue is comparable 
with the TELA MALDI MS analysis on rat brain tissue. 
 MALDI mass spectra from two different regions on the tissue section were also obtained 
using TELA. The resulting mass spectra are shown in Figure 4-7. In these experiments, the AFM 
tip was moved to a different region on the rat brain tissue section and ablated for three seconds 
using the same laser conditions as described in the previous section. The captured material was 
dissolved in matrix and deposited on the MALDI target for analysis. Figures 4-7 a and 4-7 b 
show mass spectra obtained from the first ablation spot and the second ablation spot in the m/z 
range between 700 and 900. The first ablation spot showed prominent ions at m/z 734.6 and 
788.6 while the second spot (Figure 4-7b) showed only m/z 734.6. However, m/z 760.6 
[PC(34:1) + H]
+ 
peak was absent from both of these spots. This indicates the irreproducibility 
inherent to MALDI analysis or uneven distribution of PC’s in rat brain tissue.  
  Several studies have shown that phosphatidylcholines (PC), phosphatidylethanolamines 
(PE), and sphingomyelins (SM), can be identified by direct tissue analysis using MALDI-TOF-
MS.
247-248
 Similar PC’s were also identified by IR laser ablation sample transfer using MALDI-
TOF-MS for rat brain tissue analysis.
178
 Furthermore, it has been reported that peaks associated 
with PC’s tend to dominate the mass spectrum, since phospholipids comprise more than 50% of 
membrane phospholipids in eukaryotic organisms.
249-250
 It is important to note that the MALDI 
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spectra observed from TELA experiments correspond to craters with an average area of 9 μm2 
and the average depth of 400 nm which corresponds to approximately 4 pg of material, assuming 
the density of rat brain tissue is 1.02 pg/µm
3
.
251
  
 
 
Figure 4-7. Off-line MALDI mass spectra from two different areas (a) capture spot 1 and (b) 
capture spot 2, on rat brain tissue sample captured using near-field laser ablation sample transfer. 
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 It has been reported that the average adult rat brain cell is between 10 µm and 20 µm 
diameter based on the types and the functions of the cells.
252-253
 Although, we did not target on a 
specific cells or specific region on mouse brain tissue section, the crater dimensions indicate 
removal of pico-grams of material from sub-cellular regions. However, in this study, no higher 
masses were detected in MALDI mass spectra with either CHCA or DHB matrix. This may be 
due to the limit of detection or fragmentation of the large bio molecules during the ablation 
process. 
4.4 Summary 
 
 In this work, 532 nm nanosecond pulsed laser TELA and capture was investigated as a 
means of transferring biomolecules from surfaces at sub-micrometer dimensions for mass 
spectrometry analysis. It was found that 532 nm ablation is significantly more efficient than UV 
ablation using 355 nm. It was observed that the optimum laser polarization was p-polarization 
(parallel to the AFM tip). These observations are consistent with near-field ablation at a 
wavelength near the surface plasmon resonance of the gold AFM tip. The laser wavelength may 
be resonant with the gold AFM tip, and this may be sufficient for transfer of protein molecules 
from the surface with no fragmentation. A systematic study of the dependence of laser 
parameters on tip-enhanced laser ablation will be discussed in Chapter 5. 
 TELA and capture was used to transfer biomolecules under ambient conditions from rat 
brain tissue sections within sub cellular level region for MS analysis. The ablation crater sizes 
sampled with TELA on rat brain tissue, are not limited by the spot size of the 1064 nm laser, and 
are sufficient for capture, transfer, and detection of PCs for offline MALDI analysis. Mass 
spectra obtained from rat brain tissue transferred by TELA were similar to that of analyzed by 
the standard lipid extraction procedure. Indicative lipids are seen in all of the mass spectra, but 
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the relative peak intensities appear to vary from point to point. Future studies will include 
analyzing individual cells or tissue sections within sub micrometer dimensions for identification 
of other classes of biomolecules such as peptides and proteins by TELA – MALDI / ESI 
analysis.  
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CHAPTER 5. WAVELENGTH AND POLARIZATION DEPENDANCE OF TIP-
ENHANCED LASER ABLATION FOR  
MASS SPECTROMETRY 
 
 The goal of this study was to elucidate the laser parameters that can affect the efficiency 
of AFM-tip enhanced laser ablation (TELA) sampling for mass spectrometry. Initial studies of 
TELA for mass spectrometry by our group as well as others have relied on ultraviolet lasers. 
From the work described in Chapter 4, we discovered that visible lasers are more efficient for 
near-field laser ablation sampling. In this chapter, a systematic study of the efficiency of TELA 
sample transfer at visible and near IR wavelengths and as a function of laser fluence, 
polarization, and other parameters is described. 
5.1 Introduction 
 Analytical techniques related to sub-micrometer scale sampling of material can be useful 
for acquiring localized chemical information. Far-field laser ablation sampling approaches have 
been coupled to variety of applications.
51, 150, 254-255
 However, as conventional far-field laser 
ablation sampling techniques reach their limits, the need arises for alternative approaches to 
sample material on the sub-micrometer scale from the surfaces.
256
 As discussed in Chapter 1, at 
sub-micrometer scales, far-field optics is limited by diffraction. Furthermore, focusing a beam of 
light in the far field results in a spot size larger than λ/2, where λ is the wavelength of incident 
light.
257
 The localized optical interaction between a probe tip and sample are exploited for 
material ablation on a sub-micrometer scale below the diffraction limits.
67, 258
 There is a need for 
a systematic study in order to better understand TELA as a sub-micrometer sampling method.  
 Understanding the fundamental processes of near-field laser ablation can be useful in 
order to apply near-field laser ablation approaches in many applications, such as 
micromachining,
55, 259
 pulsed laser deposition,
260
 nanopatterning,
261-262
 as well as chemical 
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analysis, where better lateral resolution is needed. For example, near-field laser ablation 
sampling can be coupled with inductively coupled plasma mass spectrometry (LA-ICP-MS)
263
 
and optical emission spectrometry (LA-ICP-OES),
264
 where laser ablation is used as solid sample 
introduction method. Thus, lateral resolution of the sampling process can be improved by 
material ablation on a sub-micrometer scale below the diffraction limit.
265
  
The utility of aperture mode near-field laser ablation has been demonstrated using 
scanning near-field optical microscopy (SNOM) probes.
210-212, 266
 An alternative approach to 
aperture mode near-field laser ablation, apertureless near-field laser ablation, has been used to 
sample material for laser ablation ICP-MS.
216-218, 221
 An apertureless near-field laser ablation-
based mass spectrometry has also been demonstrated by Goeringer et al.
224
 Although, sub-
micrometer scale resolution has been achieved, the approaches mentioned above were limited to 
small molecule chemical analysis and often elemental analysis. Therefore, high resolution near-
field laser ablation chemical analysis of biomolecules is challenging and needs much more 
attention.    
 In Chapter 3 and  Chapter 4, apertureless near-field laser ablation for MALDI mass 
spectrometry is described.
231, 244
 Wavelengths of 355, 532, and 1064 nm from a Nd:YAG laser 
were used for near-field ablation. Craters approximately 1 µm in diameter were produced. The 
work presented in Chapters 3 and 4 suggests that visible lasers are more efficient for biomolecule 
sampling using TELA. Although, AFM-TELA has been utilized for sampling of biomolecules 
for MS analysis, a systematic study on the efficiency of laser ablation sample transfer as a 
function of laser fluence, polarization, and other parameters has not been reported.  
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 Herein, a systematic investigation of AFM-TELA molecular sampling with the aim of 
maximizing the sampling efficiency is described. Laser wavelength, laser polarization, fluence, 
and number of laser shots are shown to be important factors in TELA sampling for MS analysis. 
5.2 Experimental 
 
 The AFM laser ablation configuration described in Chapter 2 was used in all experiments 
reported in this chapter. The distance between AFM tip and sample surface was controlled by 
engaging the AFM probe in tapping mode. The ablation laser is a pulsed nanosecond Nd:YAG 
laser, at 532 nm or 1064 nm operated in a single shot mode. The laser polarization was adjusted 
using a half wave plate. The laser was focused approximately 4 cm beyond the AFM probe and 
the resulting laser diameter where it intersected the tip was 7 mm. The laser energy was 
attenuated externally using a variable neutral density filter.  
 For all experiments reported in this chapter, anthracene was used as the test material. The 
anthracene crystals formed on a microscope cover slip were used for the analysis. The AFM 
images of the area of interest were obtained prior to the TELA and after the ablation experiments 
for comparison. 
5.3 Results 
 
 The initial goal was to understand the physical phenomena behind AFM-TELA using 
different laser wavelengths and optimize the ablation efficiency. The work reported in Chapters 3 
and 4 demonstrates that sub-micrometer level sampling of biomolecules is possible with AFM-
TELA using a Nd:YAG laser at 355 nm and 532 nm. In this work, the efficiency of the TELA 
ablation at 532 nm and 1064 nm wavelengths was studied as a function of laser fluence, 
polarization, and other parameters. 
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 Initial work concentrated on optimizing the efficiency of TELA by systematically 
changing laser polarization, fluence, and number of laser shots. Two extremes in orientation are 
possible for the laser polarization, either parallel laser polarization with respect the tip axis (p-
polarization) or horizontal laser polarization with respect to the tip axis (s-polarization). First, the 
laser polarization was set to p-polarization and the ablation was performed with laser fluence of 
3.5 kJ/m
2
. The polarization of the light was then rotated to s-orientation and ablation was 
performed with the same laser fluence. AFM height images of the ablation craters produced 
using p and s laser polarizations are shown in Figure 5-1. Profile analysis of the resulting AFM 
height images indicated that the p-polarized laser resulted a larger crater (Figure 5-1 a) as 
compared to the ablation crater produced with s-polarized light (Figure 5-1 b). Polarization 
rotated by 180° produced identical crater as compared to 0° rotation (Figure 5-1 c), indicating 
absence of any anisotropy involved in optics. 
 
 
 
 
Figure 5-1. AFM images of ablation crater at different polarization angles 
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 Next, the ablated volume was measured as a function of laser polarization. The laser 
fluence was 3.5 kJ/m
2
 and laser polarization angle was rotated from p-polarization to s-
polarization and the crater volumes were measured at each angle of rotation. Ablation crater 
volumes were calculated from the average crater areas and depths using AFM height images and 
assuming conical craters. Figure 5-2 shows the plot of crater volume as a function of polarization 
angle, where 0° and 180° rotation represent p-polarization. Crater volumes gradually decreased 
as the stepwise rotation of the polarization angle from p-polarization to s-polarization and  
 
 
 
 
Figure 5-2. Ablation crater volume plotted as a function of rotation of polarization of the laser. 0° 
and 180° represents p-polarization, whereas 90° is s-polarization in the plot. 
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reached to minima when the laser polarization is perpendicular to the tip axis (s polarization). It 
has been reported that polarization dependent ablation signals of a near-field tip have a cos
2 θ 
dependence.
267-268
 The data in Figure 5-2 were fit with cos
2 θ dependence. Several near-field 
experiments as well as simulation studies have shown that surface plasmon generation at the 
probe apex is maximized when the laser polarization is parallel to the probe axis.
269-272
  
 The initial experiments on TELA were performed with 355 nm wavelength and no 
ablation was observed with p-polarized light. A comparison of anthracene ablation craters 
formed by 532 nm and 355 nm wavelengths are shown in Figure 5-3. For this comparison, the 
532 nm laser was used with p-polarized light and the sample was ablated using a single laser shot 
at a fluence of 850 J/m
2
. For the 355 nm laser, s-polarized light with a laser fluence of 850 J/m
2
 
was used and 30 laser shots were required to obtain a comparable crater. Furthermore, rapid tip 
damage is also observed with 355 nm wavelength while the tip damage was considerably less 
with 532 nm laser (see Figure 2-3).  
 
 
 
Figure 5-3. AFM-TELA at different wavelengths (a) ablation crater with a single shot of 532 nm 
laser wavelength at 850 J/m
2
 fluence, (b) example of ablation craters with 30 shots of 355 nm 
laser at 850 J/m
2
 fluence. (c) Comparison of depth profile of the craters created with 355 nm and 
532 nm laser wavelength. 
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The studies performed with the Nd:YAG laser at 1064 nm resulted in ablation craters 
with no significant difference regardless of the polarization. However, single laser shot ablation 
at 1064 nm required 10 kJ/m
2
 laser fluence, compared to 850 J/m
2
 fluence at 532 nm wavelength, 
to produce a comparable ablation crater. We attribute this to the combination of the excitation of 
the plasmon resonance polaritons using parallel polarization and stronger plasmon absorption of 
the gold-coated AFM tip at 532 nm as compared to other wavelengths tested.
273-274
  
 The laser fluence dependence was investigated by measuring the ablation crater volume 
as a function of laser fluence. The anthracene samples were ablated using a single laser shot at 
532 nm laser with p-polarization. Figure 5-4 shows a plot of the volume of the ablation crater as 
a function of laser fluence. A weak ablation regime was observed between 0.6 and 3 kJ/m
2
, and a  
 
 
 
 
Figure 5-4. Volume of the ablation crater as a function of laser fluence at 532 nm  
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significant increase in the slope was observed approximately at 3 kJ/m
2
. Further increase in the 
laser fluence above 4.5 kJ/m
2
 resulted tip damage.  
For comparison, the laser fluence dependence on TELA was tested using 1064 nm 
wavelength. The anthracene samples were ablated using a single laser shot at 1064 nm with p-
polarization. Figure 5-5 shows the plot of the volume of the ablation crater as a function of laser 
fluence. A similar trend was observed as compared to 532 nm wavelength. It is important to note 
that ~10 fold higher laser fluence compared to 532 nm was needed to ablate material using 1064 
nm.  
    
 
 
Figure 5-5. Volume of the ablation crater is plotted as a function of laser fluence using 1064 nm 
wavelength laser. A clear change of slope is observed at particular threshold fluence.  
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 Several studies on near-field enhancement under femtosecond laser irradiation have 
reported the linear relationship between laser fluence and the field enhancement.
270, 275-276
 
Harrison and Yakar demonstrated ablation of silicon using gold nano rods.
275
 The material 
ablation was significantly increased after the threshold fluence and it was linearly increased and 
reached to a maxima.  
Robitaille et al suggest that the mechanism of plasmon enhanced laser ablation is related 
to the generation of highly localized energetic carriers.
276
 At higher laser fluence, ablation is 
dominated by the energy transfer from the localized electric field at the near-field element to the 
sample through the diffusion of highly localized energetic carriers and generating ablation. 
Therefore, we believe that the significant ablation above 3 kJ/m
2
 laser fluence is caused by the 
excitation of highly localized plasmon resonance polaritons at the tip. In the case of 1064 nm, 
higher energy was required to excite plasmons since weaker plasmon absorption of the gold-
coated AFM tip at 1064 nm.  
 Next, the number of laser shots needed for the maximum amount of material removal was 
investigated at a fixed laser fluence. Figure 5-6, shows the plot of ablation crater volumes as a 
function of number of shots at three different laser fluences using p-polarized 532 nm light. For 
higher laser fluences, a rapid increase in the crater volume was observed while lower fluences 
showed slow increase in crater volume with increasing number of shots. Interestingly, the change 
in the crater volume reached to maxima for all three laser fluences after 10 consecutive laser 
shots. This is more likely to be due to the tip being shadowed inside the ablation crater.  We 
recall that the tip-surface distance was controlled by engaging the AFM probe in tapping mode. 
Hence, the AFM probe was oscillating between 0-15 nm from the surface at its resonance 
frequency during the laser irradiation. Therefore, the AFM tip is fully exposed to the incident 
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laser during the first few laser shots. Hence, a rapid ablation is expected during the first few laser 
shots. Therefore, no further ablation occurs after 10 laser shots. Trials above 3 kJ/m
2 
threshold 
fluence resulted tip damage after 5 consecutive laser shots. These observations indicated not only 
the importance of number of laser shots for maximizing the ablation crater size, but also the 
importance of laser fluence for maximizing crater dimensions. Herein, we demonstrate the ability 
of controlling the ablation crater size in the range of 500 nm to 3 µm by tuning laser parameters 
and number of laser shots. 
 
 
 
Figure 5-6. Volume of material ablated is plotted as a function of number of laser shots at 
different laser fluences. 
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 Since laser far-field ablation was not observed for laser pulses when the AFM tip is not in 
the vicinity of the sample surface. It suggests that the ablation process is enhanced by the AFM 
tip. There is a tip enhancement factor for ablation under the same laser irradiation when the tip is 
engaged within 15 nm above the surface. Therefore, we define a tip enhancement factor (TEF) 
by finding the ratio between total energy required to make a single ablation crater to total 
available energy during the ablation process. An estimation of the tip enhancement factor (TEF) 
during the laser irradiation is more advantageous in order to understand the efficiency of TELA 
at optimized conditions. Herein, we report an estimation of TEF using the thermodynamic values 
and absorption coefficient of anthracene at 532 nm wavelength. The total energy         
requirement for the phase change of anthracene (from crystalline solid state to gas phase) can be 
calculated using Equation 5.1. 
 
Where, ΔElatt is the lattice energy, ΔfusH is the heat of fusion, and ΔvapH is the heat of 
vaporization of anthracene. The mass and specific heat of anthracene is given by m and s 
respectively. ΔTm and ΔTb are the temperature change for melting and vaporization. We can also 
estimate the energy available at the sample surface without the tip enhancement using the laser 
spot diameter, threshold laser fluence, and absorption cross-section
277
 of anthracene. Therefore, 
the TEF can be calculated from the ratio of ΔtotH and the available energy without tip 
enhancement, was found to be 10
4
 fold. The estimated TEF is comparable with the probe 
enhancement reported by Furukawa and Kawata,
272
 However, several other experimental and 
simulation studies have revealed that enhancement factor estimation is very much subject to the 
                                      (5.1) 
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modeling of the tip for simulations and experimental parameters with high order of 
dependency.
278
 
 AFM height images of the ablation craters indicated displacement of the ablated material 
around the rim of the ablation crater. However, successive imaging around the ablation crater in 
tapping mode indicated that the crater rim material is low density material generated during 
ablation. Figure 5-7 shows the comparison of the AFM height image in tapping mode after the 
first scan (Figure 5-7 a) and fifth scan (Figure 5-7 b). The amount of displaced ablated material 
has decreased as the number of AFM scans increased, suggesting that the crater material is low 
density material formed during the ablation process. 
 
 
 
 
Figure 5-7. Material deposited around the ablation craters (a) First AFM scan after ablation 
showing melting on the perimeter of the crater. (b) Same crater has been scanned for 5 times and 
the amount of amount of melted materials decreased considerably, indicating very low density of 
the melted material. 
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5.4 Summary 
 
 The utility of AFM-TELA as a localized sampling system for molecular analysis marks a 
substantial improvement in sub-micrometer scale sampling of molecules. We have demonstrated 
the capabilities of TELA method to tailor the ablation crater dimensions for sub-micrometer 
sized sampling by tuning the laser parameters. Systematic studies of ablation efficiency by 
changing laser polarization yield important insights for the ablation process: first, the field 
enhancement of the probe is polarization dependent, and, second, the polarization dependence 
relies on the laser wavelength. By changing the wavelength, we have demonstrated that 532 nm 
is more efficient compared to 355 nm for AFM-TELA with gold coated probes. The TEF was 
calculated, using experimentally determined ablation crater volume and the thermodynamic 
properties of anthracene, to be 10
4
 fold. With the combination of proper polarization, 
wavelength, and laser fluence, it is possible to ablate material with sub-micrometer dimensions, 
for sampling of molecules for chemical and biomedical analysis. 
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
 
 In this dissertation, the development of atomic force microscope tip-enhanced laser 
ablation (AFM TELA) for sub micrometer level ambient sampling of material for MS was 
described. The significance of this work lies in the ability to ablate large biomolecules on a sub-
micrometer scale without fragmentation for off-line mass spectrometry. 
 In Chapter 3, TELA was used with a 355 nm pulsed Nd:YAG laser to ablate small 
molecules, allowing a good initial performance assessment. Anthracene and rhodamine 6G dye, 
commonly used ablation standards, were used. Removal of material from sub-micrometer size 
ablation craters, topographical images of the ablation craters, and direct laser desorption 
ionization (LDI) were demonstrated. LDI of anthracene and rhodamine 6G showed that the 
molecules were captured intact. The capture efficiency was estimated to be approximately 3%.
 The detection of intact biomolecules and lipids from rat brain tissue using TELA was 
described in Chapter 4. To detect captured biomolecules by TELA MS, matrix addition and 
deposition were necessary. TELA-MS studies demonstrated that biomolecules up to ca. 6000 Da 
can be analyzed. In contrast to laser ablation transfer at 355 nm, fragments were not observed for 
insulin ablation transfer at 532 nm laser wavelength. The gentler material transfer at 532 nm as 
compared to 355 nm is attributed to the stronger plasmon absorption at this wavelength for the 
30 nm gold coated AFM tip.  
The utility of TELA for off-line mass spectrometry was tested with sections of rat brain 
tissue at 1064 nm. The TELA-MS data of the rat brain tissue analysis show distinctive lipid 
peaks attributed to sub-micrometer ablation of biomolecules on rat brain tissue. 
 A systematic study of the laser wavelength and polarization dependence of TELA was 
presented in Chapter 5. It was found that 532 nm is more efficient compared to 355 nm tip-
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enhanced laser ablation, possibly due to the better overlap with the gold surface plasmon 
absorption. One of the most significant differences between 532 nm and 355 nm ablation is the 
strong laser polarization dependence at 532 nm, indicative of a near-field effect. With 532 nm 
radiation, tip parallel (p-polarization) is favored and removes more than five times as much 
material as tip perpendicular (s-polarization), consistent with a near-field effect. Infrared ablation 
using 1064 nm radiation was used to  ablate material in tip-enhanced mode, but required 
approximately 10 times more pulse energy compared to 532 nm and 355 nm. 
 One of the future directions will focus on merging the ablated material with electrospray. 
The plume of ablated material from the AFM TELA system can be coupled with an electrospray 
for on-line ionization. A sampling capillary can transport the ablated material into the interface 
to interact with electrospray, which is then ionized through an electrospray evaporation 
process.
148, 279-280
 Although, merged electrospray ionization on-line MS interfaces are 
commercially available, higher flow rates associated with these systems are problematic for 
detecting atto-grams of material captured by TELA. Sub micrometer ablation of large 
biomolecules requires extremely low flow rates in order to maintain the limit of detection (LOD) 
and sensitivity of detection. Commercially available nano-electrospray tips can be used (typically 
sprays 1 nL/min) as the low flow electrospray emitter while maintaining the sensitivity and LOD 
for on-line TELA-MS. One of the key advantages of adopting off-line sub-micrometer ablation 
of large biomolecules for MS to an on-line electrospray source include, ablated large 
biomolecules can be ionized and detected without matrix, which will reduce background signal. 
Sub-micrometer ablation of large biomolecules using TELA does not require an addition of a 
matrix for efficient ablation.  
 81 
 A second future direction will focus on precise sampling material using TELA for 
genomics. TELA can be useful for extremely precise sampling of biomolecules and is not limited 
to MS detection. Therefore, additional studies using TELA can be conducted with genetic 
material such as DNA to capture, transfer, amplify using PCR, and detect using gel 
electrophoresis. Figure 6-1 represents the preliminary data using TELA for genomic studies.  
 
 
 
 
 
 
Figure 6-1. Gel electrophoresis of PCR products of TELA captured DNA plasmids. The ladders 
are 100 base pairs spaced, with the lowest value of 100 and the ladder wells are denoted with 
letter L. S1 and S2 are the PCR products of the TELA captured samples respectively. The PCR 
product that we monitor is circled. Different amounts of the PCR product of standard pGEM are 
used for quantification. 
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DNA plasmids were ablated using TELA, captured, amplified and detected using gel 
electrophoresis. The initial ablation capture process shows that genetic material can be captured 
for genomics using TELA. If sufficient amount of genetic material are transferred, nucleic acid 
sequence of the captured genetic material can also be obtained through next generation 
sequencing.
281
 Furthermore, the TELA approach will be extremely useful for precise sampling of 
genetic materials from single cells and tissues. Current techniques such as micro-manipulation, 
fluorescence based cell sorting and laser capture micro-dissection involve critical cell separation 
steps for single cell DNA sequencing; whereas TELA can be used to sample genetic material in 
situ directly from tissue samples. Hence, this technique can significantly simplify single cell 
DNA sequencing and RNA quantification. 
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